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ABSTRACT 
Results are presented of a program to evaluate thermal insulations for ;se 
under a radiative TPS of a shuttle orbiter vehicle. Evaluations were made Ecr 
survival under the multimission requirements of shuttle acoustic/vibraticn 1 c s . d ~  
and thermal profiles with peak temperatures of 1800°F and 2200°F, Durlng tire 
first year of the program a total of 1100 specimen-cycles were completed u s i n g  
metal foil packaged refractory fiber insulations. 
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1.0 SUMMARY 
The o b j e c t i v e  of t h i s  program i s  t h e  development and eva lua t ion  e6 hich 
temperature i n s u l a t i o n s  and packaging ma te r i a l s  f o r  use under t h e  r a d ~ a t ~ v a  metal 
s k i n  of a reusable  s h u t t l e  veh ic l e .  The i n s u l a t i o n  has t o  be capable o f  sdr7 i t : -np  
t h e  thermal loads  and the  a c o u s t i c / v i b r a t i o n  loads  a s soc i a t ed  wi th  launch Ll-nd 
r e e n t r y ,  f o r  a minimum of 20 missions,  and an u l t ima te  goal  of 100 m i s s i c ? s ,  T:x.r?;r- 
mum weight and c o s t  a r e  a l s o  important c r i t e r i a .  
A t o t a l  of 1100 specimen-cycle t e s t s  were conducted on 20" x 4'bspecz~nens 
during the  f i r s t  year  of t h i s  program, s imula t ing  mission launch a c o a ~ s t i c s ~ v i b r a -  
t i o n s ,  and r een t ry  hea t ing  t o  peak temperatures of 1800" and 2200"F, A s  a resxlt 
of those  t e s t s  t he  fol lowing eva lua t ions  were made: 
Packaging Mater ia l s :  *Inconel 702, Inconel  601, o r  Has te l loy  X, 0,0C2 to 
0.005 inch  t h i c k  have demonstrated a c c e p t a b i l i t y  t o  1800°F. A t  2200"T peal< tes;- 
e r a t u r e  only T D - N i C r  (0.003 inch)  of t h e  f o i l s  t e s t e d  has demonstrated a c c 1 s ~ t a 5 i -  
l i t y .  
In su la t ions :  Ce r t a in  s i l i c a  f e l t s  such a s  Astroquartz ,  R e f r a s i l  8-123, and Lrish 
R e f r a s i l  have performed s a t i s f a c t o r i l y .  Dynaflex was u n s a t i s f a c t o r y  a t  I ~ s s  t"ian 
3 3 6 i b / f t  d e n s i t y ,  bo rde r l i ne  a t  6 l b / f t 3 ,  and s a t i s f a c t o r y  a t  12 i b / f r  . i c r ~ -  
qua r t z  a l s o  demonstrated a d e f i c i e n t y ,  pronounced shr inkage ,  t h a t  c r e z t e s  reserva- 
t i o n s  about i t s  use.  F l ex ib l e  Min-K demonstrated s a t i s f a c t o r y  perforfiianee co 
2200°F, and would b e  a d e s i r a b l e  m a t e r i a l  f o r  volume l i m i t e d  a p p l i c a t i o n s ,  
This  program has been extended f o r  an  a d d i t i o n a l  year .  Future work w i l l  
inc lude  s t u d i e s  of vent ing  and moisture accumulation i n  packaged in su laL i :~s ,  
eva lua t ions  of low weight i n s u l a t i o n s  f o r  1000°F s e r v i c e ,  t e s t i n g  f % i g h x  configu- 
r a t i o n  specimens a t  maximum temperatures ,  and some development of HCF b l o c k  r f s ~ L - -  
t i o n .  
Trade name owners a r e  i d e n t i f i e d  i n  Appendix D. 
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2.0 INTRODUCTION 
The thermal protecfzion system (TPS) i s  one of t h e  most important space 
s h u t t l e  systems, and has a  l a r g e  impact on weight ,  development c o s t ,  and operating 
cos t .  It is  a l s o  one of t he  major con t r ibu to r s  t o  t he  u n c e r t a i n t i e s  i n  w e i g h t a n 0  
reuse  p red ic t ions .  I n  a  m e t a l l i c  r a d i a t i v e  TPS approach, t h e  high tempereture 
i n s u l a t i o n ,  which must be  placed between t h e  metal  h e a t  s h i e l d  panel  and the 
primary s t r u c t u r e ,  i s  a  most important i tem. 
The s tudy  descr ibed h e r e i n  was performed t o  compare i n s u l a t i o n  ma te r i a l s  2nd 
packaging techniques,  and t o  provide information and d a t a  t o  a s s i s t  the s h u t t l c  pro-  
gram i n  t h e  s e l e c t i o n  and design of thermal i n s u l a t i o n s .  To accomplish t h i s ,  
s e l e c t e d  i n s u l a t i o n s  were c y c l i c a l l y  exposed t o  t h e  s h u t t l e  environment o f  acoirs- 
t i c l v i b r a t i o n  loads  and thermal exposure a t  reduced pressure .  The peak temaera- 
t u r e s  of primary i n t e r e s t  i n  t h i s  program dur ing  t h e  f i r s t  yea r  were 1800°F, 
2200°F and 2500°F. A t o t a l  of 400 specimen-cycles were completed i n  180CCF tests 
and 700 specimen-cycles i n  2 2 0 0 " ~  t e s t s .  No t e s t s  have y e t  been run a t  2500°F 
because t h e  packaging problems which a rose  a t  2200°F were not  resolved ur t i l .  l a t e  
i n  t h e  r epo r t  per iod .  
The primary requirements f o r  s h u t t l e  i n s u l a t i o n s  a s  def ined  i n  the scope o l  
work f o r  t h i s  con t r ac t  a r e  t h a t  it have t h e  lowest  d e n s i t y  and thermal c o r t d ~ r c t i v i ~ t y  
cons i s t en t  wi th  mechanical d u r a b i l i t y  and thermal s t a b i l i t y  t o  withstand repeti ti-~e 
exposure t o  t h e  s h u t t l e  ope ra t ing  environments, inc luding  a c o u s t i c ,  v i b r a t i o n a l  
and thermal loads .  Since t h e  r a d i a t i v e  s k i n  w i l l  no t  be  wea the r t i gh t ,  che ~n r , i i i a -  
t i o n  must no t  absorb mois ture ,  o r  it must be  p ro t ec t ed  from i t .  The insuka-ciorr 
should be capable of withstanding a t  l e a s t  20 cyc les  of exposure t o  nornirral as renc :  
and r een t ry  loads ,  wi th  an u l t ima te  goal  of wi ths tanding  100 cyc les  o f  exposure ,  
The i n s u l a t i o n  concepts examined i n  t h i s  program were gene ra l ly  low densir-y 
3 
r e f r a c t o r y  f i b e r  f e l t s  ( 1  t o  12  l b / f t  ) enclosed o r  packaged i n  t h i n  gage, o x i d a -  
t i o n  r e s i s t a n t  metal  f o i l ;  and r i g i d  b locks ,  e i t h e r  i n  metal  f o i l  packages o r  
i nco rpora t ing  a  wa te r - r e s i s t an t  r e f r a c t o r y  coa t ing .  The metal  f o i l  packaging con-  
cept  has  many advantages,  inc luding  e f f e c t i v e  support  and containment o f  L i g h t ,  
nonr ig id  f e l t s ,  p r o t e c t i o n  from mois ture ,  and v e r s a t i l e  means of attachment to t he  
s t r u c t u r e .  A n  impermeable membrane, such a s  meta l  f o i l ,  however, must be vented 
t o  accommodate t h e  r ap id  p re s su re  changes a s soc i a t ed  wi th  launch and reentry. 
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Tdn.; e v a l u a t i o n  program was conducted by mounting f i v e  specimens (20 x 4 i n )  
Ln a fiz::ure, s u b j e c t i n g  t h e  assembly t o  e i t h e r  launch a c o u s t i c s  o r  v i b r a t i o n  a t  
ar1i)ien-t room tempera tu re ,  and t h e n  t o  a thermal  c y c l e  a t  10 t o r r  p r e s s u r e ,  To 
expeal:> t e s t i n g ,  f i v e  c y c l e s  of each environment were run  c o n s e c u t i v e l y  s o  t h a t  
In ;as5 sequence f i v e  s i m u l a t e d  m i s s i o n s  were completed. A l l  specimens were 
~ L ~ n e r  5 o r  2 - 0  i n c h e s  t h i c k ,  and no a t t e m p t  was made t o  op t imize  t h i c k n e s s e s  as 
:I---; 3or;ion of t h e  program was p r i m a r i l y  f o r  comparat ive  e v a l u a t i o n .  
7 - Y i  e r l v t ~ o n m e n t a l  d e f i n i t i o n  f o r  e s t a b l i s h i n g  t h e  t e s t  pa ramete rs  i n i t i a l l y  
+ * 
re,.ec; -1 t h e  t h e n  c u r r e n t  pr imary i n t e r e s t  i n  t h e  low cross-range o r b i t e r .  A s  
.bs  2r3; ran  p r o g r e s s e d ,  however, t h e  pr imary i n t e r e s t  s h i f t e d  t o  t h e  h i g h  c ross -  
range n-s i t e r ,  and which would i n f l u e n c e  p r i n c i p a l l y  t h e  the rmal  t e s t  p r o f i l e .  I n  
e s r ; l b l i ; ~ i n g  o u r  the rmal  p r o f i l e  we had g iven  c o n s i d e r a b l e  weight  t o  t h e  p o s s i b l e  
:G-I% c ~ ~ ; s s - r a n g e  r e e n t r i e s ,  and t h e r e f o r e  t h e  change i n  emphasis d i d  n o t  cause  any - 
p e _  - x s  "inns t o  t h e  program. 
Ia a d d i s i o n  t o  t h e  f l i g h t  s i m u l a t i o n  t e s t i n g  of commercial i n s u l a t i o n s ,  an  
in--esciga"-,on was a l s o  conducted on t h e  r i g i d i z i n g  of p r e f e l t e d  i n s u l a t i o n s  by 
irni>rega,:ion with ceramic b i n d e r s .  T h i s  i n v e s t i g a t i o n  d i d  n o t  produce a  u s e f u l  
proddcz  acd was suspended i n  f a v o r  of HCF b lock  i n s u l a t i o n  which was a t  a  more 
idT s r c e c  s t a s  of development. 
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3.0 ENVIRONMENT SIMULATION AND TEST PROCEDURES 
The i n s u l a t i o n  t e s t  specimens were subjec ted  t o  a  block of 5 cycl-es oZ l aurch 
v i b r a t i o n / a c o u s t i c  environment, followed by a  block of 5 cyc les  of r e e r t r y  ~kermak 
exposure. The launch mechanical loads were appl ied  by v i b r a t i o n  i n  t h e  initial 
sequence, and fol lowing the  subsequent thermal t e s t ,  t h e  next  sequence ~rnplc)~ecT 
a c o u s t i c  exposure, i n  l i e u  of v i b r a t i o n .  This procedure was employed because of  
some u n c e r t a i n t i e s  i n  t h e  i n t e r n a l  environment and response of t he  i n s u l a t i a n  tc 
t h a t  environment. 
The most severe  a c o u s t i c  loads  occur during the  ascent  phase, i n  c~n j i s :~c t ion  
with a  very  modest hea t ing  period.  During r e e n t r y ,  t he  s i t u a t i o n  is  reversed, d 
severe  thermal pu l se  of cons iderable  d u r a t i o n ,  and wi th  a  moderate acous t i c  load, 
To s imula te  t h e s e  environments, t h e  t e s t  specimens were subjec ted  t o  acocs t i c /  
v i b r a t i o n  loads  a t  ambient room temperature and p re s su re ,  and t o  thermal Loads ar 
reduced atmospheric p re s su re ,  r e f l e c t i n g  t h e  low ambient pressures  a s soc i a t ed  with 
t h e  high a l t i t u d e  of en t ry .  
Acoustics 
The major source of mechanical e x c i t a t i o n  on t h e  s h u t t l e  v e h i c l e  i s  tke 
n o i s e  from t h e  main propulsion engines,  which r e s u l t s  i n  an a c o u s t i c  l o a d  cn the 
TPS sk in .  The a c o u s t i c  environment experienced by t h e  i n t e r n a l  i n s u l a t i o n  i s  
modulated by t h e  veh ic l e  s k i n ,  though t h e  degree of modulation i s  uncertai:?, In 
a d d i t i o n ,  response of t h e  s k i n  t o  t h e  acous t i c  e x c i t a t i o n  may be t r a n s n i t t e d  t o  t he  
i n s u l a t i o n  v i a  t h e  s t r u c t u r a l  suppor ts  i n  t he  form of mechanical v i b r a t i o n ,  
Peak l i f t - o f f  no i se  e x t e r n a l  t o  t h e  a f t  po r t i on  of t h e  boos ter  was estimated 
2 from empi r i ca l  cons idera t ions  t o  be  169 dB (0.82 l b f / i n  ) ,  and t h e  transonic 
2 b u f f e t i n g  near  t h e  boos t e r -o rb i t e r  i n t e r f a c e ,  155 dB (0.164 l b f / i n  ) ,  The x o s t  
s i g n i f i c a n t  e x c i t a t i o n  ends before  apprec iab le  hea t ing  of t h e  insu la t ior i  oc T ~ T S ,  
r )  
Peak no i se  e x t e r n a l  t o  t h e  o r b i t e r  i s  es t imated  t o  be  0.33 l b f / i n L  (161 dB), a t  
l i f t - o f f ,  decaying t o  0.13 l b f / i n 2  (153 dB). Because use  of i n t e r n a l  i n s u l a t i o n  
i s  expected t o  be  p r imar i ly  i n  t h e  o r b i t e r ,  t h e  maximum power a v a i l a b l e  f1rr.m the 
t e s t  equipment (156 dB) was considered a  reasonable average s imula t ion  f o r  evaLca-- 
t i o n  purposes.  It was assumed t h a t  t h e  mated v e h i c l e s  would pass  througli Nach 1,8 
a t  about 30 seconds, a f t e r  which time t h e  v e h i c l e s  would be e s s e n t i a l l y  f r e e  of t h e  
a c o u s t i c  n o i s e  f i e l d .  
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Xeentry a c o u s t i c  e x c i t a t i o n  f o r  t h e  o r b i t e r  i s  est imated t o  be  113 dB (0.0013 
lbf/ln2) , o r  l e s s  than 0.2X of t h a t  occurr ing  during launch. This  peak occurs  
about 3-C rninutes a f t e r  peak r een t ry  hea t ing  (low cross-range) when t h e  su r f ace  
tenperazure has cooled considerably.  The e s t ima te  f o r  n o i s e  l e v e l  during r een t ry  
was based on data  from the ASSET reen t ry  (Reference l )  and from t h e  NASA-Langley wing 
s t a l l  f l u t t e r  and b u f f e t  response s tudy  (Reference 2 ) .  
The acous t i c  n o i s e  spectrum s p e c i f i e d  f o r  t e s t  purposes i s  shown i n  t h e  t a b l e  
be:how, and was appl ied  f o r  150 seconds i n  each t e s t ,  r ep re sen t ing  5 launch cyc les .  
RANDOM ACOUSTIC NOISE SPECTRUM 
Octave 
Band 
Hz 
23.8 - 47.2 
47.2 - 92 
94  - 188 
183 - 375 
375 - 750 
750 - 1500 
1500 - 3000 
3000 - 6000 
Overa l l  
dB 
Re 0 5 0 2  
dynes/cm 2 
r m s  
Tolerance 
dB 
The no i se  source cons is ted  of a Wyle WAS-3000 a i r s t r e a m  modulator coupled t o  
an exponential horn having a 50 Hz low frequency cut-off .  The modulator was 
raced at P0,000 a c o u s t i c  wa t t s .  A genera l  view of t h e  acous t i c  t e s t  arrangement 
i s  shown i n  Figure 1. The 20 inch dimension of t h e  specimens was purposely placed 
i n  t he  v e r t i c a l  p lane  t o  s imula te  launch o r i e n t a t i o n  and which provides f o r  repre-  
sentatt-de e::citation and r e s u l t a n t  s e t t l i n g  of t h e  i n s u l a t i o n .  
The acous t i c  spectrum and power l e v e l  achieved during t e s t i n g  was monitored 
wlrh a re ference  microphone. Representa t ive  d a t a  i s  shown i n  Figure 2 along wi th  
the t o l s rance  permit ted under t he  approved p lan .  A t r a v e r s e  ac ros s  t h e  opening of 
the exponentaal horn ind ica t ed  t h a t  t h e  spectrum-power l e v e l  was uniform ac ros s  
t h e  face w i t h i n  the  to l e rance  band. 
3 - 2  Vibra t ion  
A s  stated previous ly ,  v i b r a t i o n  response of t h e  s h u t t l e  s t r u c t u r e  during 
iau.n.ch and r een t ry  i s  p r imar i ly  caused by t h e  acous t i c  p re s su re  a c t i n g  on t h e  
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ACOUSTIC TEST SET-UP WITH SPECIMENS IN  PLACE 
PICKUP LOCATION: CENTER OF 
PANEL 
31.5 50 80 125 200 315 500 800 1250 2000 3130 5000 8000 
130CTAVEBANDCENTERFREQUENCY-Hz 
OCTAVE BAND SPL DISTRIBUTION 
Figure  1 
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ex~ernal s u r f a c e .  Based on p r e d i c t e d  a c o u s t i c  l o a d s  t h e  random v i b r a t i o n  spectrum 
siiown i~ the  t a b l e  below was used i n  t h e  program. The v i b r a t i o n  l o a d  was a p p l i e d  
f ~ r  15C seconds i n  each t e s t ,  r e p r e s e n t i n g  5 l aunch  c y c l e s .  
RANDOM VIBRATION SPECTRUM 
20 - 200 cps  
200 - 600 cps  
600 - 2000 cps  
Thr v i b r a t i o n  t e s t  equipment c o n s i s t e d  o f  an  MB/C25 HB e l e c t r o m a g n e t i c  
e x c i t e r  powered by a  20 KVA Ling a m p l i f i e r .  The s i g n a l  t o  t h e  a m p l i f i e r  was wide 
band random w i t h  t h e  power spectrum shaped by a  f i l t e r  set (MB-388) hav ing  c o n s t a n t  
bandwidths  o f  25  cps  o v e r  t h e  range  of 20-2000 cps .  I n  o p e r a t i o n ,  t h e  specimens 
"qere o r i e n t e d  w i t h  t h e i r  p r i n c i p a l  s u r f a c e s  i n  t h e  v e r t i c a l  p l a n e ,  w i t h  t h e  pr imary 
axis o f  e x c i t a t i o n  a t  r i g h t  a n g l e s  t o  t h e  s u r f a c e  o f  t h e  i n s u l a t i o n  specimens as 
shova i n  F i g u r e  3. Accelerometers  mounted a t  t h e  f i x t u r e  a t t achment  f a c e  w e r e  used 
t o  moni,:or e x c i t a t i o n  l e v e l s  a t  v a r i o u s  l o c a t i o n s  on t h e  test  f i x t u r e .  
-he v i b r a t i o n  spec t rum ( F i g u r e  4)  was w i t h i n  t o l e r a n c e  excep t  f o r  a  resonance 
a t  1390 cps, and a n t i r e s o n a n c e  a t  1450 cps .  T r a n s m i s s i b i l i t y  p l o t s  i n d i c a t e d  t h a t  
t h a  res7orse was f a i r l y  uniform a c r o s s  t h e  f a c e  of t h e  f i x t u r e ,  and t h u s  each 
specinen .was s u b j e c t e d  t o  e s s e n t i a l l y  t h e  same spectrum. It was n o t  b e l i e v e d  t h a t  
the resonance a d v e r s e l y  a f f e c t e d  t h e  v a l i d i t y  o f  t h e  t e s t  r e s u l t s  because  t h e  
n o t i o n  ~ J a s  un i fo rmly  a p p l i e d  t o  a l l  t e s t  specimens,  and because  of t h e  d e s i g n  of 
thz  test specimens,  h i g h  f requency response  was expected t o  b e  d r a s t i c a l l y  a t t e n u -  
ated, Cause of t h e  resonance  was t r a c e d  t o  t h e  s h a k e r  a rmature .  It was i m p r a c t i -  
C 9 h  to change t o  a n o t h e r  s h a k e r  o r  t o  remove t h e  a rmature  from s e r v i c e  as 
u n a c c e p i - a  d e l a y s  would have been i n c u r r e d  i n  t h e  test  program. 
3,i Thermal 
Tne re  i s  a  wide range  of t ime- temperature  h i s t o r i e s  p o s s i b l e  by v i r t u e  of t h e  
varLous s h u t t l e  e n t r y  t r a j e c t o r i e s ,  v e h i c l e  s t a t i o n s  and c o n f i g u r a t i o n s .  For t h e  
pdrposes cf t h i s  program, one g e n e r a l  t ime- temperature  p r o f i l e  was s e l e c t e d  t h a t  
wo;l1d a d e q u a t e l y  test t h e  response  o f  t h e  i n s u l a t i o n  t o  i t s  environment ,  b e  
reasonab%y r e p r e s e n t a t i v e  of c u r r e n t  and f o r e s e e a b l e  h e a t  p u l s e s ,  and b e  economical  
I n  time as many r e p e t i t i v e  c y c l e s  were r e q u i r e d  i n  t h e  t e s t  program. 
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F r q m  an i n s u l a t i o n  materials v i e w p o i n t ,  t h e  p r e c i s e  shape of t h e  the rmal  
p J s e  i s  c o t  as impor tan t  as t h e  t i m e  a t  o r  above v a r i o u s  t empera tu res .  The 
i ~ k t l a l  h e a t i n g  r a t e  shou ld  a l s o  b e  r e p r e s e n t a t i v e  of t h e  a c t u a l  thermal  shock t h e  
insulztion w i l l  e x p e r i e n c e  i n  s e r v i c e .  By u t i l i z i n g  a  g e n e r a l i z e d  t ime- temperature  
--,.. r-dfiie that i s  n o t  unique t o  any s p e c i f i c  t r a j e c t o r y  o r  body s t a t i o n ,  i n s u l a -  
parfornanee comparison can a l s o  b e  a p p l i c a b l e  t o  a b r o a d e r  range of u s e s .  
.An e x t e n s i v e  a n a l y s i s  was made of t h e  v a r i o u s  h e a t  p u l s e s  t h a t  would b e  
encauntered by s h u t t l e  o r b i t e r s ,  and which provided a b a s i s  f o r  a  s i m p l i f i e d  the rmal  
p r f > f i l e  Ecr t e s t  purposes .  T h i s  p r o f i l e  was most s t r o n g l y  i n f l u e n c e d  by t h e  l o n g  
,. ---. 
-1~3s-range d e l t a  o r b i t e r .  D e t a i l s  of t h i s  a n a l y s i s  a r e  r e p o r t e d  i n  Appendix A. 
Secsuse o f  p r a c t i c a l  c o n s i d e r a t i o n s ,  t h e  r e s u l t a n t  p r o f i l e  was s h o r t e n e d  by about  
403 seccnds d u r i n g  t h e  cool-down phase  t o  p r o v i d e  t h e  p r o f i l e  shown i n  F igure  5 ,  and 
which y a s  used f o r  t e s t i n g .  The reason  f o r  s h o r t e n i n g  t h e  t ime  was t o  reduce t h e  
total t h e  r e q u i r e d  f o r  c y c l i n g .  T h i s  a l s o  p rov ided  an  a d d i t i o n a l  d iv idend  i n  t h a t  
el12 tctai h e a t  i n p u t  t o  t h e  specimens was reduced a t  a  n o n c r i t i c a l  t e m p e r a t u r e ,  
ad3Lt ioaaPBy reduc ing  t h e  n e c e s s a r y  c o o l i n g  t ime a f t e r  t h e  h e a t  i n p u t  i s  t e r m i n a t e d .  
- 
L I I P  l ength  cf t ime r e q u i r e d  f o r  t h e  i n t e r i o r  of t h e  i n s u l a t i o n  t o  c o o l  b e f o r e  i t  
can b e  recyc led  i s  a v e r y  s i g n i f i c a n t  p o r t i o n  o f  t o t a l  t e s t  t ime.  To r e c y c l e  a  
thermal test b e f o r e  t h e  i n t e r i o r  o f  t h e  i n s u l a t i o n  had coo led  s u f f i c i e n t l y  wouEd 
r e s u l t  sn p r o g r e s s i v e  b u i l d u p  o f  t empera tu re  i n  t h e  i n t e r i o r  of t h e  i n s u l a t i o n ,  
J~u to .n rc~ .ng  i"s the rmal  response.  
Lt has n o t  been p o s s i b l e  t o  d e f i n e  c l o s e l y  t h e  ambient p r e s s u r e  o f  t h e  atmos- 
22lerce s-I - rounding t h e  i n s u l a t i o n ,  due t o  l a c k  o f  adequa te  d a t a  on h e a t  s h i e l d  a i r  
leriicage rates. P r i o r  t o  e n t r y  i n t o  t h e  a tmosphere ,  t h e  i n s u l a t i o n  w i l l  b e  i n  a  
~lglbi  vacaua environment,  and t h e  p r e s s u r e  environment e x t e r n a l  t o  t h e  v e h i c l e  w i l l  
JU- l d  u;, at a s lower  r a t e  t h a n  t h e  the rmal  p u l s e .  However, t h e  r a t e  a t  which t h e  
5 ~ c r e a s ? d  aar  d e n s i t y  p e n e t r a t e s  t h e  i n t e r i o r  of t h e  v e h i c l e  cannot  b e  p r e d i c t e d  
ac:ura;.ly a t  t h i s  t ime.  For t e s t  purposes ,  we have u t i l i z e d  a  c o n s t a n t  p r e s s u r e  
3: ? 0 z;rr, 
T-ie test equipment f o r  the rmal  t e s t i n g  was e s s e n t i a l l y  a  h e a t e d  s u p e r a l l o y  
netaal pdrAel  r a d i a t i n g  t o  t h e  test  specimens w i t h i n  a vacuum chamber. The h e a t e r  
c c r s f s t c d  of 24 g r a p h i t e  s t r i p  h e a t e r s  wi red  i n  s e r i e s - p a r a l l e l ,  r a d i a t i ~ g  t o  an  
Znc3nel s l a t e  which s i m u l a t e s  t h e  r a d i a t i v e  TPS (a coa ted  columbium p l a t e  was used 
207- 22011"F t e s t s ) .  The I n c o n e l  p l a t e  a l s o  c l o s e d  o f f  t h e  g r a p h i t e  h e a t e r  c a v i t y  
frcm t h i  specimen a r e a .  The g r a p h i t e  h e a t e r s  were ba thed  i n  n i t r o g e n  t o  p r e v e n t  
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oxidation, w h i l e  t h e  specimens were i n  a  p o s i t i v e  f lowing  a i r  atmosphere t o  pe rmi t  
3x-dad;i~:a of t h e  m e t a l  f o i l  packaging.  The i n t e r i o r  of t h e  h e a t e r  c a v i t y  was 
chyosne p l a t e d  t o  reduce l o s s e s ,  and a l s o  w a t e r  coo led  f o r  p r o t e c t i o n .  F i g u r e s  6 
and 7 s l o w  the h e a t e r  b e f o r e  t h e  r a d i a n t  s u s c e p t o r  p l a t e  was mounted. The suscep- 
t o r  plate ( s imula ted  TPS m e t a l l i c  h e a t  s h i e l d )  was mounted i n  a w a t e r  coo led  p ic -  
tu-e f r t m e  with an  area s l i g h t l y  l a r g e r  t h a n  t h e  t e s t  a r e a  exposed (F igure  8 ) .  I n  
operaslc?:~, the specimens i n  t h e  t e s t  f i x t u r e  a r e  suspended o v e r  t h e  r a d i a n t  p a n e l ,  
Piqdre 3 show t h e  f i x t u r e  and t e s t  specimens i n  p l a c e  above t h e   radian^ p a n e l  w i t h  
sonc n f  tke edge i n s u l a t i o n  removed. 
3t- thermal  t e s t  was r u n  i n  a 5 .5  f t .  d iamete r  vacuum chamber a t  10 t o r r  ( a i r )  
preasLriA. The t ime-temperature  p r o f i l e  o f  t h e  r a d i a n t  p a n e l  was c o n t i n u o u s l y  con- 
t roLLed 3y a f u n c t i o n  g e n e r a t o r ,  w i t h  t h e  t empera tu re  response  of t h e  p a n e l  and of t h e  
spe:imea:s s a n ~ l e d  every  60 s e c .  and recorded  on t a p e  w i t h  a  s imul taneous  d i g i t a l  
3117t-a7~t, Automatic d a t a  p l o t s  were a v a i l a b l e  f o r  each c y c l e  a s  d e s i r e d .  Views 
o f  the chamber and i n s t r u m e n t a t i o n  are shown i n  F i g u r e s  1 0  and 11. 
ir aas  recognized  t h a t  t h e  d u r a t i o n  o f  t h e  coo l  down p o r t i o n  o f  t h e  the rmal  
c y c i e  ~~r31.1ld have an i n f l u e n c e  on t h e  r e p r o d u c i b i l i t y  of t h e  the rmal  h i s t o r i e s .  I f  
the spzsimens were n o t  s u f f i c i e n t l y  c o o l  a t  t h e  conc lus ion  o f  one c y c l e ,  t h e  suc- 
ceeding cycls would t e n d  t o  "pump-up" t h e  t empera tu re  of t h e  i n s u l a t i o n .  To e l i m i -  
usate em-hlerns of t h i s  n a t u r e ,  t h e  i n t e r n a l  t empera tu re  of t h e  s l o w e s t  c o o l i n g  
speciirer was monitored ( i n  o u r  f i r s t  f i v e  specimens,  t h i s  was t h e  F l e x i b l e  Min-K, 
due t o  i g h  d e n s i t y  and low c o n d u c t i v i t y )  and r e c y c l i n g  was n o t  i n i t i a t e d  u n t i l  
L t s  t e m c r a t u r e  had f a l l e n  below 150°F. To e x p e d i t e  c o o l i n g  d u r i n g  t h e  t empera tu re  
decay ~ c r i o d  of t h e  t e s t ,  c o o l i n g  a i r  was i n t r o d u c e d  a c r o s s  t h e  specimens.  Th is  
a1s.j re::ilted i n  a  g r a d u a l  b u i l d u p  of a i r  p r e s s u r e  w i t h i n  t h e  chamber, which w a s  
~urrmec' ,,tit beEore t h e  n e x t  c y c l e .  A p l o t  of t h e  t empera tu re  h i s t o r y  o f  F l e x i b l e  
Yi~2--K CI?~FJP the e n t i r e  f i f t h  c y c l e  o f  t h e  f i r s t  sequence i s  shown i n  F i g u r e  12 .  A s  
? o t & d ,  I -e i n t e r i o r  t empera tu re  o f  t h i s  specimen a t  i n i t i a t i o n  was j u s t  below 150°F. 
-411 other specimens a t  t h a t  t ime  were about  70°F. 
3 / T e s t  F i x t u r e  
The t e s t  specimens were mounted i n  a  t e s t  f i x t u r e  and remained u n d i s t u r b e d  
durrng resting. The t e s t  f i x t u r e  w i t h  i t s  f i v e  specimens was mounted on t h e  
v i k r a t x r  = a b l e ,  a c o u s t i c  h o r n ,  and on t h e  h e a t e r  i n  t h e  vacuum chamber as an  
cascemk,:> t:, avo id  n o n t e s t  damage. When mounted i n  t h e  t e s t  f i x t u r e ,  t h e  specimens 
 ere h e l d  Sy b o t h  t h e  upper  and lower  end t a b s  f o r  t h e  v i b r a t i o n  and a c o u s t i c  t e s t ,  
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but w e r s  he ld  by only one s e t  of t abs  (on t h e  cool  s i d e )  i n  t h e  thermal t e s t .  The 
test fixture, be fo re  ~nounting of t h e  t e s t  specimens, i s  shown i n  Figure 1 3 ,  and 
a f t e r  -iiaeuntPng t h e  specimens, i n  Figure 1 4 .  
3-5 Test  Specimens 
TI-2 test specimens cons is ted  of low dens i ty  f e l t s  enclosed i n  t h i n  gage metal  
foil pzckages, The specimens were 3,85 inches wide, 20 inches long ,  and e i t h e r  
1-5 o r  2 , O  inches th i ck .  The usua l  meta l  f o i l  package was a  simple box shape wi th  
the ho; and cool  s k i n s  extended t o  provide t abs  f o r  mounting i n  t h e  t e s t  f i x t u r e ;  
however, o the r  package conf igura t ions  were a l s o  t e s t e d ,  a s  descr ibed l a t e r .  The 
cool face  of t h e  box and t h e  end c losu res  were a t tached  by spot  welding. I n  many 
cases  the necessary w i d ~ h  of f l a t  shee t  f o r  forming t h e  boxes was obtained by seam 
w e l d i n g  narrow s t r i p .  To permit t h e  package t o  b rea the  during p re s su re  changes i n  
the vacraaim chamber, h o l e s ,  1/16-118 inch  diameter ,  were made i n  t h e  cool  face .  
Initially f o u r  ho le s  were used, l a t e r  changed t o  16. However, even the  l a t t e r  
azurlbiir was no t  e n t i r e l y  adequate t o  prevent  some b l o a t i n g  of t h e  package during 
pump down of  t h e  vacuum chamber f o r  thermal t e s t i n g .  
k ?hotograph of r ep re sen ta t ive  packaged specimens i s  shown i n  Figure 15 ,  and 
the b a s i c  cen f igu ra t ion  i n  Figure 1 6 .  
Three thermocouples were i n s t a l l e d  i n  each specimen nea r  t he  cen te r .  One was 
about C,E inch from t h e  h o t  su r f ace ,  t he  second one a t  t h e  cen te r  of t h e  th i ckness ,  
and the  t h ~ r d  about 0 .1  inch from t h e  cool  su r f ace .  The p o s i t i o n  of t he  thermo- 
coup les  has to  be q u a l i f i e d  because i n  i n s e r t i n g  the  thermocouples, t h e r e  was no 
assurazce t h a t  they would no t  d r i f t  t o  one s i d e  o r  t h e  o t h e r .  Af t e r  assembly, 
ehe packsge was x-rayed t o  determine the  f i n a l  pos i t i on  of t he  junc t ion .  
The themocouples  were metal  sheathed ( Incone l ) ,  type K ,  0.040 inch  diameter 
sFieatiz wit11 an exposed bead. During t h e  course of the  t e s t s ,  t h e  thermocouples 
were a cont inuing problem. Frequent breakage of t he  exposed 0.005 inch  diameter 
wLres  2t t h e  bead occured, n e c e s s i t a t i n g  f requent  removal and r e p a i r ,  and l o s s  of 
position Lr*forrnation, Also, x-rays a t  t h e  conclusion of many cyc les  i nd ica t ed  
r;zovemera:- of  t h e  thermoconples away from t h e i r  o r i g i n a l  l o c a t i o n ,  even when not  
a is t icrr~ed 5y r e p a i r s .  This  negated much of t h e  va lue  of t he  temperature h i s t o r i e s ,  
a t  least as f a r  a s  making p r e c i s e  thermal e f f i c i e n c y  comparisons. 
Th:e metal  f o i l  f o r  packaging was i n  t h e  range of 0.002 t o  0.005 inches t h i c k ,  
and was c s e d  as f l a t  s h e e t ,  and a l s o  i n  t e x t u r i z e d  form f o r  added r i g i d i t y .  The 
r_zxturPzed form was achieved by passing i t  through cor rugat ing  r o l l e r s  i n  two 
?asses, each pass a t  r i g h t  angles  t o  t h e  o the r .  The t e x t u r i z i n g  was performed by 
15 
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HITCO a t  At lan ta ,  Ga. L a t e r  i n  t h e  program a dimpled form of f o i l  was a l so  used, 
using a metal  female mold and a rubber d i e .  
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4.0 TEST RESULTS 
4 .1  M a t e r i a l  S e l e c t i o n  
For  comparat ive  e v a l u a t i o n  o f  i n s u l a t i o n s  t h e  program was d i v i d e d  i n t o  t h r e e  
t empera tu re  ranges ,  t o  e v a l u a t e  t h o s e  i n s u l a t i o n s  and packaging m a t e r i a l s  Sel ievecl  
capab le  of s a t i s f a c t o r y  performance a t  t empera tu res  up t o  1800°F, 2200°F, and 
2500°F. T h i s  d i v i s i o n  was t h e  r e s u l t  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l s  ;.I?(! 
of  t h e  t empera tu res  encountered on t h e  S h u t t l e  v e h i c l e .  At 1800°F and below, e l rp  
s i l i c a  and a l u n i n o - s i l i c a  f i b e r  based  m a t e r i a l s  were expec ted  t o  b e  u s a b l e  for 
long  t i m e s  w i t h o u t  problems of d e v i t r i f i c a t i o n .  The 2200°F l i m i t  was expecff i i l  1 0  
b e  abou t  t h e  upper  t empera tu re  c a p a b i l i t y  of t h i s  same group of m a t e r i a l s ,  depc8i i l -  
i n g  on d u r a t i o n  o f  exposure ,  and was a l s o  expec ted  t o  b e  t h e  upper  l i m i t  f o r  thc 
t h i n  gage s u p e r a l l o y  m e t a l  f o i l  packaging.  The 2500°F c a s e  was e s t a b l i s h e c ~  hy 
v e h i c l e  peak t empera tu re  requ i rements .  
Both f l e x i b l e  and r i g i d  m a t e r i a l s  were  t o  b e  e v a l u a t e d .  The f l e x i b l e  felts had 
a n  i n h e r e n t  advan tage ,  i n  t h a t  they  were  a v a i l a b l e  a t  lower d e n s i t i e s  than t h e  I 1: 1 1 1  
b l o c k s  and consequen t ly  may be  more weigh t  e f f i c i e n t .  Whether t h i s  advantage would 
c o n t i n u e  t o  e x i s t  a f t e r  exposure  t o  t h e  S h u t t l e  environment was t o  be  d e t e r m i n e d .  
However, t h e  p o t e n t i a l  we igh t  advantage s t r o n g l y  i n f l u e n c e d  our  s e l e c t i o n  o i  1 1 1  l d i l  
i a l s  f o r  t e s t i n g .  I n i t i a l  s e l e c t i o n  a l s o  c o n s i d e r e d  the rmal  conductivity, brl"irns?r- 
t u n a t e l y ,  v e r y  l i t t l e  d a t a  was a v a i l a b l e  ( e x c e p t  f o r  i s o l a t e d  examples) far conduc- 
t i v i t y  a t  t h e  reduced p r e s s u r e s  and h i g h  t empera tu res  a t  which S h u t t l e  i n s i l l a t l ~ n c ;  
would o p e r a t e .  A t echn ique  was developed f o r  e s t i m a t i n g  c o n d u c t i v i t y  as a f iinc f i ( i n  
of p r e s s u r e  based on 1-atmosphere d a t a  and h a s  been i s s u e d  a s  a s e p a r a t e  r e p a r t  
(Ref.  3). 
The i n s u l a t i o n s  s e l e c t e d  f o r  t h e  I n i t i a l  E v a l u a t i o n  T e s t s  were based on c u r -  
r e n t  knowledge of a v a i l a b l e  m a t e r i a l s ,  coupled w i t h  r e s u l t s  from a vendor s u r v e y .  
S p e c i f i c  m a t e r i a l s  s e l e c t e d  a r e  l i s t e d  i n  Tab le  I. 
The u l t i m a t e  s e l e c t i o n  of i n s u l a t i o n s  f o r  S h u t t l e  u s e  w i l l  b e  based primarrly 
on minimum weigh t ,  of t h o s e  shown c a p a b l e  of s u r v i v i n g  t h e  environment,  Dur tng  
t h i s  program, a s t u d y  was conducted t o  de te rmine  t h e  e f f e c t s  of i n s u l a t i o n  d e n c i t v  
on t h e  weight  of i n s u l a t i o n  p e r  u n i t  s u r f a c e  a r e a .  A s  the rmal  c o n d u c t i - ~ l t y  usualLy 
v a r i e s  a s  an  i n v e r s e  f u n c t i o n  of i n s u l a t i o n  d e n s i t y  ( i n  t h i s  t empera tu re  and  den- 
s i t y  range  of i n t e r e s t ) ,  some p o t e n t i a l  t r a d e o f f s  were thought  p o s s i b l e ,  This 
s t u d y  i s  d e s c r i b e d  i n  Appendix B. 
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TABLE I 
INITIAL MATERIPLS SELECTION 
INSULATIONS 
F i b e r f r a x  paper  
Lo-Con F i b e r f  r a x  b l a n k e t ,  6  l b / f  t 3  
F-13 F i b e r f r a x  b l o c k  
Phermoflex f e l t  3 l b / f t 3  
Tbermoflex f e l t  6  l b / f t  3 Dynaquartz b l o c k  4 .5  l b / f t g  
Dynaquartz b l o c k  6.2 l b / f t  
F l e x i b l e  Min-K 
Min-K 2000 b lock  
Microquar tz  f e l t  3.5 l b / s t  3  
Microquar tz  f e l t  6 l b / f t  
Dynaf l e x  f e l t  3  l b / f t 3  
Dynaf l e x  f e l t  6 l b / f t 3  
Dynaflex f e l t  12 l b / f t 3  
A-100 R e f r a s i l  B a t t  
I r i s h  R e f r a s i l  B a t t  
A s t r o q u a r t z  Mat 
BCF Block 
Ceramic F i b e r  Block 
R'EPORT MDC E0449 
10 AU6blST 1971 
Carborundum Co . 
Carborundum Co. 
Carborundum Co . 
Johns-Manville 
Johns-Manville 
Johns-Ffanville 
Johns-Manville 
Johns-Manville 
Johns-Manville 
Johns-ManvLlle 
Johns-ManvilPe 
Johns-Manville 
Johns-Manville 
Johns-Manville 
H i t c o  
H i t c o  
J .  P. S tevens  
MDAC-EAST 
Eagle-Picher 
The metal f o i l s  f o r  packaging were  s e l e c t e d  on t h e  b a s i s  of r e p o r t e d  o x i d a t i o n  
resisrance, and i n c l u d e d  I n c o n e l  702, I n c o n e l  601, H a s t e l l o y  X,  and TD-NiCr. 
Titan~uln A-70 was inc luded  a s  a  package "cool-side" m a t e r i a l ,  b u t  was l a t e r  dropped 
due t o  crob8en-i~ a s s o c i a t e d  w i t h  welding t o  t h e  n i c k e l  b a s e  m a t e r i a l s .  For poten- 
ti41 use above 220Q°F, coa ted  columbium was cons idered  t h e  pr imary (and p o s s i b l y  
s o l e )  c ? n i i d a t e ,  b u t  h a s  n o t  y e t  been t e s t e d .  
P ~ e l i i r r i ~ ~ a r y  t e s t s  on t h e  c a n d i d a t e  m e t a l  f o i l s  were conducted by exposing them 
to c y c l - 2  t empera tu res  t o  2200°F a t  5 T o r r  a i r  p r e s s u r e  f o r  100 c y c l e s .  R e s u l t s  of 
this test a r e  d e s c r i b e d  i n  Appendix C. 
A sd:mary of a l l  t e s t  specimens,  t h e i r  c y c l i c  exposure  and r e a s o n  f o r  t e s t  ter- 
miaatac- 1 s  p r e s e n t e d  i n  Tab le  11. 
1-2 i800°F T e s t s  - F i v e  specimens completed 80 c y c l e s  of s i m u l a t e d  S h u t t l e  
~ 1 1 s s i c n 3 ,  with peak t empera tu res  t o  1800°F. These specimens were:  
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As Tes ted  
I n s u l a t i o n  
I n s u l a t i o n  Cons t ruc t ion  Thickness  Dens i ty  
@ nominal t h i c k n e s s  
As t r o q u a r t z  11 l a y e r s  1 . 5  i n .  1.57 l b / f t 3  I n c o n e l  702 - O-032"' 
1 l b l f t 3  @ 0.2 i n ,  ea .  
F l e x i b l e  Min-K 3  l a y e r s  @ 1 . 5  i n .  14.8  l b l f t 3  R i g i d i z e d  Inconel 
19.2 1 b / f t 3  0.375 i n .  ea. 702 - CI.005" 
Microquar tz  3  l a y e r s  @ 1 . 5  i n .  3.70 l b / f t 3  H a s t e l l o y  X - C%.C05~t 
3.5  l b / f t 3  0 . 5  i n .  ea.  
Dynaf l e x  1 l a y e r  @ 1 . 5  i n .  2 .82  l b / f t 3  I n c o n e l  702 - Ga005*@ 
3  l b I f t 3  1 . 5  i n .  
Ref r a s i l  A-100 12 l a y e r s  @ 1 . 5  i n .  5.46 l b / f t 3  H a s t e l l o y  X - ?.XI? ' 
3  l b / f t 3  0.19 i n .  ea .  
From an e x t e r n a l  v i s u a l  examinat ion,  t h e  packages of t h e  f i v e  E800"F speclme?s 
s u r v i v e d  t h e  80 c y c l e s  of s i m u l a t e d  f l i g h t  m i s s i o n s  i n  good c o n d i t i o n s ,  iChELe 
t h e r e  was no s e v e r e  w r i n k l i n g  of t h e  top  s u r f a c e s  ( a s  occur red  l a t e r  i n  22CC°F 
t e s t i n g ) ,  t h e r e  was f r e q u e n t  pucker ing a t  t h e  s i d e  edges  r e s u l t i n g  i n  nipor rtp- 
t u r i n g  of t h e  f o i l .  D e t a i l s  of t h e  e x t e r n a l  appearance and t h e  edge pucker~ng are  
shown i n  F i g u r e  17.  The r u p t u r i n g  o r  c r a c k i n g  of t h e  f o i l  always oceurrec a t  a 
'"pucker" and t h e  c r a c k  was g e n e r a l l y  a t  r i g h t  a n g l e s  t o  t h e  edge. The e-racks ver- 
most p r e v a l e n t  i n  H a s t e l l o y  X,  e s p e c i a l l y  t h e  2 m i l  t h i c k  f o i l .  Inconel  7 e 2  hzd 
fewer  c r a c k s ,  and t h e  r i g i d i z e d  5  m i l  I n c o n e l  702 had none a t  a l l ,  Pfany tf the 
p u c k e r s / c r a c k s  were  no ted  e a r l i e r  i n  t h e  t e s t i n g ,  and w h i l e  more occur re6  w i t h  scn- 
sequen t  t e s t i n g ,  t h e  e x i s t i n g  ones d i d  n o t  p ropaga te  i n  l e n g t h .  The cause of t hese  
c r a c k s  i s  u n c e r t a i n ,  b u t  i t  i s  b e l i e v e d  t h a t  t h e y  may be  t h e  r e s u l t  of fa4:zgue 
f a i l u r e s  where r e s p o n s e  of t h e  f o i l  s u r f a c e  t o  a c o u s t i c  l o a d i n g  i s  restra~ned ~3y 
t h e  c o r n e r  l i n e  of t h e  package,  combined w i t h  embr i t t l ement  due t o  h e a t k g  andho-  
i n t e r n a l  o x i d a t i o n .  At t h i s  l e v e l  of t e s t i n g  t h e s e  e f f e c t s  do n o t  appear t o  3e 
c r i p p l i n g  d e f e c t s .  
The c o n d i t i o n  of t h e  i n s u l a t i o n  m a t e r i a l  w i t h i n  t h e  packages was observes b~ 
c u t t i n g  away one of t h e  s i d e s  of t h e  m e t a l  packages (F igure  1 8 ) .  The R.efrasi.1 A-100 
A s t r o q u a r t z ,  and F l e x i b l e  Min-K had n o t  been s i g n i f i c a n t l y  a f f e c t e d ,  H o w e v e r z  t n e  
3  l b / f t 3  Dynaf l e x  was found t o  have s e t t l e d  l eng thwise ,  l e a v i n g  a v o i d  cf a b s i l t  
3  i n c h e s  of i t s  20 i n c h  l e n g t h ,  ( t h e  20-inch dimension i s  v e r t i c a l  d u r i n g  sccr.st:c/ 
v i b r a t i o n  t e s t i n g ) ,  and w i t h  an  i n c r e a s i n g l y  dense  f e l t  a t  t h e  o t h e r  ena 3f t r e  
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Irasuisation Meferials Year  End Summary 
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SPECIMENS AFTER 80 CYCLES OF SIMULATED SHUTTLE ENVIRONMENT TO 1800°F 
457-1'137 Figure 17 
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INTERIOR OF SPECIMENS AFTER 80 CYCLES OF SIMULATED 
457-1 138 SHUTTLE SERVICE TO 1 8 0 0 0 ~  
Figu re  l e  
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psckage,  The appearance of t h e  f e l t  sugges ted  t h a t  t h e  s e t t l i n g  of t h e  Dynaf lex 
was pr tmar i lg r  t h e  r e s u l t  of v i b r a t i o n / a c o u s t i c  exposure .  T h i s  assumption was sup- 
3 p c r t e d  by r e s u l t s  w i t h  Dynaf lex a t  d e n s i t i e s  h i g h e r  t h a n  3  l b / f t  i n  l a t e r  t e s t s  a t  
22G0°F, The s e t t l i n g  was n o t  d e t e c t e d  d u r i n g  t h e  c o u r s e  of t h e  t e s t i n g  because  t h e  
t k e r m s c o u ~ l e s  remained i n  t h e  same r e l a t i v e  p o s i t i o n  w i t h i n  t h e  t h i c k n e s s  of t h e  
is!suLation, 
The Microquar tz  had about  a  114 i n c h  v o i d  i n  i t s  20 i n c h  l e n g t h .  I n  t h i s  
case, t h e  v o i d  s p a c e  was t a p e r e d  w i t h  t h e  maximum gap a t  t h e  h o t  s i d e  of t h e  i n s u l -  
a t i o n ,  Th is  would i n d i c a t e  s h r i n k a g e  may have occur red  as w e l l  a s  s e t t l i n g .  A 
c l o s e u ~  of the s h r i n k a g e l s e t t l i n g  of Microquar tz  i s  shown i n  F i g u r e  19.  
The e x c e s s i v e  s e t t l i n g  e x h i b i t e d  by t h e  low d e n s i t y  Dynaf lex was somewhat d i s -  
a p p o i n t i n g  as i t  had i n i t i a l l y  been cons idered  a prime c a n d i d a t e  due t o  i t s  
expected t empera tu re  c a p a b i l i t y  (2500°F) and low weight .  However, t h e  performance 
of Astnoguar tz  was encouraging i n  t h a t  such  a  low d e n s i t y  m a t e r i a l  d i d  n o t  s e t t l e .  
A the rmal  a n a l y s i s  (Appendix B )  h a s  i n d i c a t e d  t h a t  w i t h i n  a  s i n g l e  f a m i l y  of mater-  
i e l s  w i t h  v a r y i n g  d e n s i t i e s ,  t h e  lower d e n s i t i e s  p r o v i d e  t h e  most we igh t  e f f e c t i v e  
insulation. Should A s t r o q u a r t z  p r o v i d e  a  d e n s i t y l t h e r m a l  c o n d u c t i v i t y  r e l a t i o n s h i p  
sinilar t o  Dynaflex o r  R e f r a s i l ,  i t  w i l l  indeed b e  a  s t r o n g  c a n d i d a t e  f o r  a  minimum 
weight thermal  i n s u l a t i o n .  E x i s t i n g  d a t a  on A s t r o q u a r t z  thermal  c o n d u c t i v i t y  was 
3 3 binited t o  3 l b / f t  m a t e r i a l ,  and i t  was comparable t o  3-3.5 l b / f t  Microquar tz .  
Texpera tu re  h i s t o r i e s  of t h e  f i v e  m a t e r i a l s  a t  t h r e e  thermocouple l o c a t i o n s  
w i t h i n  the i n s u l a t i o n  specimens d u r i n g  a n  e a r l y  c y c l e  a r e  shown i n  F i g u r e  20. 
Fcr parFoses  of d e t e c t i n g  changes i n  the rmal  response ,  t h e  t empera tu res  a t  1 5  minutes  
i E t o  t h e  thermal  c y c l e  were p l o t t e d  a s  a  f u n c t i o n  of number of c y c l e s  and a r e  shown 
i r  F i g m e s  21 ,  2 2 ,  2 3 ,  2 4 ,  and 25. On t h o s e  occas ions  where a  thermocouple f a i l e d  
due t o  a c o u s t i c  o r  v i b r a t i o n  l o a d s  ( u s u a l l y  f r a c t u r e  of t h e  36 g a  w i r e  ex tend ing  
o u t  of the m e t a l  s h e a t h ) ,  t h e  thermocouple was c a r e f u l l y  e x t r a c t e d  from t h e  i n s u l a -  
tion, t h e  bead r e p a i r e d ,  and r e i n s e r t e d .  S l i g h t  d i f f e r e n c e s  i n  l o c a t i o n s  sometimes 
occur red  due  t o  t h i s  p rocedure ,  a s  r e f l e c t e d  by t h e  t empera tu re  response .  I n  t h o s e  
cases, d e t a i l e d  examinat ion was made of t h e  t empera tu re  h i s t o r y  of t h a t  thermo- 
coup le  during t h e  f i v e  p reced ing  and subsequent  i n d i v i d u a l  c y c l e s  t o  de te rmine  t h e  
t e - p e r a t u r e  b i a s  caused by removal and r e i n s e r t i o n  of t h e  thermocouple. A l l  sub- 
sequen t  r e a d i n g s  of t h a t  thermocouple were  t h e n  c o r r e c t e d  by adding o r  s u b t r a c t i n g  
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Figure 19 
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A: the conc lus ion  of t h e  80  c y c l e s ,  when t h e  specimens were  disassembled from 
tke test f i x t u r e ,  i t  was no ted  t h a t  t h e  l e a d s  of t h e  coo l  s i d e  thermocouple of t h e  
3 ~b if r3  Uynaf l e x  had been bared  by e x c e s s i v e  h e a t  ( g l a s s - i n s u l a t e d  thermocouples 
were used  f o r  t h e  c o o l  s i d e )  and s h o r t e d  t o  t h e  m e t a l  f o i l  package. Examination of 
thernocoaple r e c o r d s  i n d i c a t e d  t h i s  occur red  between t h e  1 5 t h  and 1 6 t h  c y c l e s ,  
and s l ~ b s e g n e n t  d a t a  f o r  t h a t  thermocouple were d i s c a r d e d  a s  i n v a l i d .  
The ne t  t empera tu re  v a r i a t i o n s  from t h e  5 t h  and 80 th  c y c l e s  a r e  t a b u l a t e d  
be low ,, 
TEMPERATURES AT 1 5  MINUTES INTO THERMAL CYCLE 
As t r o s u a r t z  5 t h  Cycle 
80 th  Cycle 
Hot S i d e  
" F 
R e f r a s i l  A-100 5 t h  Cycle 1420 
80 th  Cycle 1355 
Microquartz 5 t h  Cycle 
80 th  Cycle 
Dynaflax 5th Cycle  
80th Cycle 
F l e x i b l e  Pfin-K 5 t h  Cycle 1390 
8 0 t h  Cycle 1440 
Cool S i d e  AT 
O F  O F  
-
"Center thermocouple ( c o o l  s i d e  thermocouple i n v a l i d  a f t e r  1 5  c y c l e s ) .  
Trae l o c a t i o n  of .the t h r e e  thermocouples w i t h i n  each specimen was determined by 
X-ray p r i o r  t o  t e s t ,  and a f t e r  complet ion of t h e  80 c y c l e s .  However, i t  was n o t  
p o s s i k l e  t o  dimension t h e  l o c a t i o n  of t h e  measur ing j u n c t i o n s  w i t h  any g r e a t  pre-  
clsior., T h e r m a l  a n a l y s i s  a l s o  i n d i c a t e d  a c o n s i d e r a b l e  t empera tu re  v a r i a t i o n  w i t h  
changes of t h e  o r d e r  of s e v e r a l  thousand ths  of an  inch .  The X-rays v e r y  c l e a r l y  
showed a s h i f t  i n  t h e  l o c a t i o n  of t h e  thermocouples which could  account  f o r  changes 
no ted  above, It  i s  f o r  t h i s  r e a s o n  t h a t  we a r e  r e l u c t a n t  t o  a s c r i b e  t h e  change i n  
AT r o  a chzinge of t h e  the rmal  p r o p e r t i e s  of t h e  i n s u l a t i o n .  The p o s i t i o n s  of t h e  
thelmic?eouples b e f o r e  t h e  t e s t  and a f t e r  80 c y c l e s ,  a s  n o t e d  from t h e  X-rays a r e  
shown 3n Figure 26. 
Nigh Temperature 
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THERMOCOUPLE LOCATIONS 
HOT SIDE 
REPOR'T MDC E0449 
10 j i u a j a - r  1971 
FLEXIBLE MIN-K I 0.06 1 0.65 1 0.70 1 0.09 1 NO CHANGE IN POSITION I 
NOTE: CHANGES IN T/C POSITIONS NOTED FROM SUPERPOSITION.OF X-RAYS. 
34 
llrBCL3QWWELL DOUGLAS A S T R O I P I A U T I C S  C O I V I I P A I V W  EAST 
Yeur End Summary 
REPORT MDC E0449 
10 AUGUST 1971 
h - 3  2200°F T e s t s  - The f l i g h t  s i m u l a t i o n  tests w i t h  maxinum tempera tu res  of 
2210'T %$ere run i n  t h r e e  major groups  of specimens,  and g rossed  40 ,  55 ,  and 
45 cycles each,  Within  each group, i n d i v i d u a l  specimens were  o c c a s i o n a l l y  s u b s t i -  
ti ted ~3 d e f e c t s  became apparen t .  
&,3,B F i r s t  Group - The i n i t i a l  f i v e  test specimeos f o r  s i m u l a t i o n  w i t h  2200°F 
exFsa;;ire and two replacement  specimens a r e  l i s t e d  below w i t h  p e r t i n e n t  d e t a i l s .  
As Tes ted  Packaging 
TL:s -t :ation C o n s t r u c t i o n  Thickness  Dens i ty  Hot S i d e  Cold S i d e  
@ nominal t h i c k n e s s  - 
M i c r s 2 n ~ r t z  P e l t  3 l a y e r s  @ 1 . 5  i n .  6.25 l b / f t J  H a s t e l l o y  Ti tanium 
5 ; b / f t 3  0 . 5  i n .  ea X - 0.005" 0.005" 
**:rish R e f r a s i l  3 l a y e r s  @ 1 . 5  i n .  4.97 l b / f t 3  Pnconel Ti tanium 
5-757" 3 l b b / f t 3  1 . 0  i n .  e a  601 - 0.005" 
0.004" 
Dynaq car t z 1 l a y e r  @ 1 . 5  i n .  6.14 l b / f t 3  I n c o n e l  601 - 0.004" 
6.2 1bJft.3 1 . 5  i n .  
3yzaf iex 1 l a y e r  @ 1 . 5  i n .  5 .61  1 b / f t 3  I n c o n e l  702 - 0.005" 
6 i 'b/ fr3 1 . 5  i n .  
~ ~ T h e r r n o f l e x  Felt 1 l a y e r  @ 1 . 5  i n .  4.15 l b / f t 3  I n c o n e l  Ti tanium 
3 1 3 / ~ : 3  2.0 i n .  ea .  702 - 
0.002" 
Dy-  ex - F  1 l a y e r  @ 1 . 5  i n .  9 .60 l b / f t 3  R i g i d i z e d  R i g i d i z e d  
1 2  1b/ fe3  1 .5  i n .  e a .  I n c o n e l  Ti tanium 
7 " 
. c ~ ; e r h ; 3 x  F-13 2 l a y e r s  @ 2.0 i n .  17 .5  l b / f t 3  H a s t e l l o y  X - 0.002" 
B l ~ c k ,  ,7 P b / f t  1 . 0  i n .  ea .  
Note:  Removed a f t e r  5  the rmal  c y c l e s ,  package end p l a t e  burned o u t ,  r e p l a c e d  
w i t h  Dynaf lex,  12 l b / f t 3 .  
S e p a r a t i o n  of co ld  s i d e  (weld f a i l u r e )  a t  20 c y c l e s .  Replaced w i t h  
F i b e r f r a x  F-13 Block. 
- r,,lure - _ of t h e  package t h a t  con ta ined  t h e  Thermoflex a f t e r  t h e  i n i t i a l  the rmal  
c y c l e s  Gas determined t o  be  a  f a b r i c a t i o n  e r r o r .  T i t an ium was t o  b e  t h e  c o l d  s i d e  
o n l y  of  t h i s  package,  b u t  was i n c o r r e c t l y  used f o r  t h e  end p l a t e  a l s o .  The end 
pP3tas are s p o t  welded t o  t h e  l i p s  of t h e  h o t  s i d e  of t h e  package where t empera tu res  
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a r e  i n  excess of t he  c a p a b i l i t i e s  of t i t an ium.  F a i l u r e  of t he  package containing 
I r i s h  R e f r a s i l  was caused by very  poor s p o t  weld q u a l i t y  i n  jo in ing  Inconel  t o  
t i tanium. I n  t h i s  s p e c i f i c  case,  t he  g r e a t e r  thermal expansion a t  2200°P gas s u f f i -  
c i e n t  t o  bow t h e  e n t i r e  package, wi th  subsequent f a i l u r e  of t h e  weak s p o t  we lds  sri 
t h e  cold s i d e .  Future packages w i l l  no t  inc lude  t i t an ium on t h e  cold a i d e ,  
A t  t he  end of 40 cyc les  wi th  thermal exposure t o  2200°F, s e r i o u s  deg.radatic,n of 
a l l  t h e  packages used i n  t h i s  t e s t  was apparent  and t e s t i n g  was suspended, An 
o v e r a l l  view of t h e  t e s t  specimens a t  t h a t  t ime i s  shown i n  Figures  27 and 28, It 
was thought from the  condi t ion  of t h e  specimens t h a t  t h e  problem was the IhigR thermal. 
expansion of t h e  package a t  2200°F, coupled wi th  embri t t lement  of the  m e t a l  f o i l  a t  
t h a t  temperature.  The i n t e r i o r  of t h e  specimens, wi th  one s i d e  s t r i pped  a~r9a.y ks 
shown i n  Figure 29. 
A l l  of t h e  metal  f o i l s  had l o s t  much of t h e i r  f l e x i b i l i t y ,  though the  5 m i l  
t h i c k  f o i l s  r e t a ined  cons iderable  toughness. The 2 m i l  f o i l ,  e s p e c i a l l y  Bastelloy X, 
was weak and f r a g i l e .  While t h e  t r ansve r se  cracks a t  t h e  edges were n o t  as prc- 
nounced a s  i n  t h e  1800°F t e s t  specimens, t h e  f o i l  su r f aces  had a very pronounced 
h i l l  and v a l l e y  contour and a number of s u r f a c e  cracks occurred on t h e  face, Peak- 
to-val ley depths ranged from 318 t o  518 inches,  and t h e r e  was cons iderable  d i f f e r -  
ence i n  frequency of such deformation, t ex tu r i zed  Inconel  and p l a i n  LnconeL hairing 
l e s s  than Has te l loy  X. Based on o v e r a l l  condi t ion  of t he  meta l  f o i l s  u s e d ,  the  
Inconel  702, 5 m i l s  t h i c k ,  d i sp layed  l e s s  damage than t h e  o ther  m a t e r i a l s  used, 
This  might have heen t h e  r e s u l t  of l e s s  embri t t lement  from i n t e r n a l  oxidation, o r  
from o the r  causes discussed i n  Appendix C .  
3 The s e t t l i n g ,  p rev ious ly  noted on 3 l b / f t  Dynaflex i n  t h e  1800°F test, w a s  
much l e s s  wi th  t h e  h igher  dens i ty  Dynaflex used i n  t h e  2200°F t e s t .  The 6 Lblflr. 3 
Dynaflex s e t t l e d  about 0.5 inch  out  of t h e  20-inch length ,  and t h e  1 2  ~ b l f  t" Dyna- 
f l e x  had only a n e g l i g i b l e  amount of s e t t l i n g .  Some of t h e  s e t t l i n g  a t  these den- 
s i t i e s  was recovered a s  t he  m a t e r i a l s  apparent ly  re laxed  somewhat whi le  awaiting 
5 f u r t h e r  examination. Microquartz f e l t  a t  6 l b / f t  continued t o  e x h i b i t  lengthwise 
shrinkage,  and poss ib ly  a small  amount of s e t t l i n g .  The shrinkage amounted t o  
about 0.2 inch  a t  each end of t he  specimen a t  t h e  ho t  s u r f a c e ,  and about 0,2 inch 
of s e t t l i n g  over t he  20-inch length .  This  i s  i l l u s t r a t e d  i n  Figure 19, 
The Dynaquartz block had two major cracks completely through the  b lock ,  and tad 
t h e  block no t  been enclosed by t h e  package, t h e  i n s u l a t i o n  would have been completely 
l o s t .  This  damage was undoubtedly due t o  a c o u s t i c / v i b r a t i o n  loads .  The F2berfrax 
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CONDITION OF INSULATION PACKAGES AT SUSPENSlOM OF TESTING 
457-"47 
WITH THERMAL EXPOSURE TO 2200°F 
F i g u r e  27 
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INSULATION PACKAGES AFTER 2200°F EXPOSURE 
F i g u r e  28 
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lNTERlOR OF INSULATION PACKAGES AFTER SIMULATED 
FLIGHTS WITH 2200°F TEMPERATURE 
Figure 29 
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F-13 b lock ,  which is  a combination of r e f r a c t o r y  f i b e r s  and c l a y ,  appeared t o  lase 
some of t h e  c l a y  f i l l e r  i n  t h e  h o t t e r  areas of  t h e  specimen, exposing some of t h e  
f i b e r  nodules .  The I r i s h  R e f r a s i l  was n o t  a f f e c t e d  by t h e  t e s t  environmene, and 
as a r e s u l t ,  may become t h e  prime c a n d i d a t e  f o r  2500°F s e r v i c e  i f  i ts  reputed tem- 
p e r a t u r e  c a p a b i l i t y  i s  confirmed. 
4.3.2 Second Group 2200°F - Because of t h e  w r i n k l i n g  and c r a c k i n g  of the  
metal f o i l s  exper ienced  i n  t h e  i n i t i a l  group of 220Q°F specimens a l t e r n a t e  design 
approaches  were  p repared  f o r  t h e  n e x t  group of specimens.  These inc luded :  
o  Heavier  t e x t u r i z i n g  of t h e  m e t a l  f o i l  
o  U s e  of  dimpled f o i l  
o  S h i n g l e  c o n s t r u c t i o n  of packages.  
The t e x t u r i z e d  f o i l  approach i s  s i m i l a r  t o  t h a t  p r e v i o u s l y  used exeeps t h e  
c o r r u g a t i o n s  i n  t h e  f o i l  a r e  deeper .  Dimpled f o i l  was p rocessed  i n  o u r  experimental 
shop by m i l l i n g  s p h e r i c a l  segment c a v i t i e s  i n  a  metal b l o c k  and u s i n g  the  b l o c k  as a 
d i e .  The f o i l  was p r e s s e d  i n t o  t h e  d i e  by means of a  rubber  s h e e t  i n  a press ,  In 
i n d e n t i n g  t h e  f o i l ,  t h e  metal i s  l o c a l l y  s t r e t c h e d  and t h e r e  is  no reducti3n i n  
t h e  o v e r a l l  l e n g t h  o r  w i d t h  of t h e  f o i l .  The p a t t e r n  of t h e  dimples  i s  s%aov,-A i rL 
F i g u r e  30. 
The t h i r d  c o n f i g u r a t i o n  was t h e  s h i n g l e  d e s i g n  shown i n  F i g u r e  31, ic t h i s  
d e s i g n  each i n d i v i d u a l  s e c t i o n  was 4.5 i n c h e s  long,  w i t h  a  0 .5  i n c h  averPap of 
a d j a c e n t  s e c t i o n s .  The c o o l  s i d e  p a n e l  was s t i l l  a s i n g l e  p i e c e ,  and a d j a i e n t  
I I roof s e c t i o n s "  were s p o t  welded t o g e t h e r  abou t  o n e - t h i r d  t h e  h e i g h t  from :he cool 
s i d e  towards t h e  h o t  s i d e .  Thus, t h e  h o t  s u r f a c e  was r e l a t i v e l y  f r e e  t o  expand, 
w h i l e  a  s t r o n g  b a s e  was p rov ided  on t h e  c o o l  s i d e .  
The specimens i n c l u d e d  i n  t h e  second test  group were:  
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DIMPLE PATTERN IN METAL FOIL 
Figure 30 
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hiynaf lex 
2-2" l a y e r s  of 
3 ib/fe3 
compressed to 1.5" 
F l e x i b l e  Min-K 
Tr~.sh Fief ras i l  
A-LOO 
Year End Summary 
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I n s t a l l e d  
Dens i ty  Packaging 
3.56 l b / f t 3  I n c o n e l  601, 4-mil 
heavy t e x t u r e  
1 .17  l b / f t 3  H a s t e l l o y  X ,  2-mil 
medium t e x t u r e  
s h i n g l e  c o n s t r u c t i o n  
TD-NiCr, 3-mil 
s h i n g l e  c o n s t r u c t i o n  
( c o l d  f a c e  I n c o n e l  601) 
14.76 1 b / f t 3  H a s t e l l o y  X, 2-mil 
s h i n g l e  c o n s t r u c t i o n  
3.61 1 b / f t 3  I n c o n e l  702, 5-mil 
dimpled 
17 .7  l b / f t 3  M25A7 Coat ing 
w i t h  c o a t i n g  
4.93 l b / f t 3  I n c o n e l  601, 4-mil 
dimpled 
* Rencved a f t e r  20 c y c l e s ,  r ep laced  by HCF b lock  
&*Removed a f t e r  5 thermal  c y c l e s ,  r e p l a c e d  by I r i s h  R e f r a s i l  A-100 
A t  t h e  end of 20 s i m u l a t e d  f l i g h t  c y c l e s ,  t h e  two m i l  H a s t e l l o y  X package 
(shingle c o n s t r u c t i o n )  c o n t a i n i n g  A s t r o q u a r t z ,  was removed from t e s t  due t o  d e t e r f -  
oration o f  t h e  package and r e p l a c e d  w i t h  t h e  coa ted  HCF specimen. The s h i n g l e  con- 
struction had a p p a r e n t l y  performed i t s  f u n c t i o n  i n  p r e s e n t i n g  l eng thwise  deforma- 
tion of the H a s t e l l o y  X package; however, l a t e r a l  expansion had o c c u r r e d  w i t h  t h e  
t e x t ~ r i - z e d  f o i l  and formed l e n g t h w i s e  c r e a s e s .  T h i s  a l s o  caused t h e  open ends of 
t r e  shingle segments t o  gap open. S e v e r a l  h o l e s  appeared i n  t h e  c e n t e r  roof  segment,  
and t w e  s e c t i o n s  of m e t a l  f o i l  had been t o r n  o u t ,  a p p a r e n t l y  by a c o u s t i c  exposure  
(FLgure  3 2 ) -  
T " r  HHGF b l o c k  which r e p l a c e d  t h e  H a s t e l l o y  X - A s t r o q u a r t z  was i n s t a l l e d  p r i o r  
tc t h e  thermal t e s t ,  and was removed immediately f o l l o w i n g  t h a t  t e s t  due t o  t h r e e  
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cracks ccmgle te ly  through t h e  b l o c k ,  from h o t  t o  c o l d  s i d e  ( F i g u r e  3 3 ) .  Review of 
the t \errnoesuple d a t a  i n d i c a t e d  t h a t  t h e  f a i l u r e  occur red  i n  t h e  f i r s t  the rmal  
cy - ie ,  It was a l s o  determined t h a t  t h e  HCF had been improper ly  i n s t a l l e d  which may 
have c o n t r i b u t e d  t o  i t s  f a i l u r e .  For mounting on t h e  t e s t  f i x t u r e ,  0.030 i n c h  t h i c k  
s ta in less  s t e e l  t a b s  had been bonded t o  t h e  coo l  s i d e  of t h e  b lock  w i t h  a  s i l i c o n e  
adhesive, To accommodate thermal  expansion,  t h e  screws through t h e  s l o t t e d  h o l e s  
i n  the tab were t o  b e  loosened f o r  the rmal  c y c l i n g .  However, o n l y  t h e  screws a t  one 
e n d  v#ere Loosened and t h e r e  were  i n d i c a t i o n s  t h a t  t h e  expansion exceeded t h e  move- 
ment a v a i l a b l e .  
Ti;e HGF b lock  was r e p l a c e d  w i t h  t h e  I r i s h  R e f r a s i l  A-100 packaged i n  dimpled 
I n c o n e l  601 ( 4  m i l ) ,  and t e s t i n g  cont inued.  A t  55 c y c l e s  on t h i s  group, t e s t i n g  
was hai red  due t o  g e n e r a l  d e t e r i o r a t i o n  of t h e  packages (F igure  3 4 ) ,  w i t h  one s i g -  
n l f l c a n t  e x c e p t i o n .  The e x c e p t i o n  was t h e  3 m i l  TD-Ni-Cr package c o n t a i n i n g  Dyna- 
f l e x ,  and which was r e t a i n e d  f o r  a d d i t i o n a l  c y c l i n g  w i t h  t h e  n e x t  group. The 
inconek 631 was bad ly  wr ink led ,  and i n  one specimen, a s m a l l  s e c t i o n  had been t o r n  
cc t .  The H a s t e l l o y  X was ex t remely  weak and easy  t o  t e a r .  
The c o n d i t i o n  of t h e  i n s u l a t i o n  w i t h i n  t h e  packages i s  shown i n  F i g u r e  35. 
The F l e x i b l e  Min-K, R e f r a s i l  A-100, I r i s h  R e f r a s i l  A-100, and A s t r o q u a r t z  showed 
3 
no a p p r e c i a b l e  d e g r a d a t i o n .  However, Microquar tz  a t  3.5 l b / f t  nominal d e n s i t y  
had snrunk 0 - 5  i n c h  of i t s  20-inch l e n g t h .  
4 , 3 . 3  - Thi rd  Group - 2200°F - Because r e s t r a i n t  of t h e  h o t  s i d e  of t h e  pack- 
age by rhe s i d e s  appeared t o  b e  c o n t r i b u t i n g  t o  t h e  w r i n k l i n g  and deformat ion  of 
the packages,  two a l t e r n a t i v e  d e s i g n s  were assembled f o r  t e s t i n g  w i t h  t h e  t h i r d  
group cE z e s t  specimens.  These new d e s i g n s  i n c o r p o r a t e d  a  " f l o a t i n g "  top  which 
w o ~ l d  ts r e l a t i v e l y  f r e e  t o  expand and c o n t r a c t  w i t h  minimum r e s t r a i n t .  Ske tches  
of thesz des igns  a r e  shown below: 
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SECOND GROUP OF SPECIMENS EXPOSED TO PEAK TEMPERATURE OF 2200°F 
DURING MISSION CYCLING. 55 CYCLES EXCEPT WHERE NOTED 
Figure 35 
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Both of t h e s e  packages con ta ined  A s t r o q u a r t z  Mat; however, one a l s o  inc luded  a 
single sheet of 2 m i l  H a s t e l l o y  X abou t  0 .3  i n c h  from t h e  h o t  s i d e ,  sandwiched 
between layers of A s t r o q u a r t z .  The purpose  was t o  de te rmine  i f  a r a d i a t i o n  b a r r i e r  
vowid s n a r p l y  reduce  t h e  conductance of t h i s  v e r y  l i g h t w e i g h t  i n s u l a t i o n .  Other 
specimens (see t a b l e  below) inc luded :  a doqble  w i d t h  specimen t o  g a i n  a n  e a r l y  
indicaefon of wid th  e f f e c t s  i n  e v a l u a t i o n ;  a n  HCF specimen; and c o n t i n u a t i o n  of 
tescing of the TD-NiCr package. 
2200°F SERIES 
THIRD GROUP 
Tnswlat ion 
- Thickness  Dens i ty  Packaging 
*D-ynaf lesr 1 . 5  i n .  6.8 l b / f t 3  TD-Ni-Cr, 3 m i l  
2 - 2 inch  l a y e r s  s h i n g l e  c o n s t r u c t i o n  
of 3 1b/ft3 com- ( c o l d  f a c e  I n c o n e l  601) 
pressed t o  L a 5  i n .  
2 .0  i n .  18 .3  l b / f t 3  M25A7 Coat ing 
w i t h  Coat ing 
2.0 i n .  1 .13 l b / f  t3 I n c o n e l  702, 5 m i l  
s l i d e - o n  l i d  
Irish R e f r a s i l  A-100 1 . 5  i n ,  7.53 l b / f t 3  I n c o n e l  601, 4 m i l  
d imp 1 ed 
double  w i d t h  specimen 
As t roquar t  z 2.0 i n .  1.69 l b / f t 3  I n c o n e l  702, 5 m i l  
1-13 lb/ir'rr-? w i t h  dimpled 
S ias te l loy  X f r e e  box- l id  
Radiation B a r r i e r  
W~ntinued in t e s t  from second group,  
~Wsacked into two p i e c e s  i n  f i r s t  f i v e  the rmal  c y c l e s .  Replaced w i t h  
A s c r o q u a r t z  w i t h  r a d i a t i o n  b a r r i e r .  
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I n  p r e v i o u s  t e s t i n g  groups ,  v i b r a t i o n  t e s t i n g  had been a l t e r n a t e d  with accu- 
s t i c  t e s t i n g .  I n  t h e  t h i r d  group a t  2200°F, due t o  a  p lanned shut-down of :he alc 
supp ly  f o r  t h e  a i r  stream modulator  i t  was d e s i r e d  t o  o b t a i n  m u l t i p l e  ace-stic reszs 
e a r l y ,  and v i b r a t i o n  tests l a t e r  i n  t h e  sequences .  As e v e n t s  turned out, t h e  zests 
were t e rmina ted  p r i o r  t o  t h e  shutdown of t h e  a c o u s t i c  f a c i l i t y ,  and aEL cycles were 
w i t h  a c o u s t i c s  on ly .  
A t o t a l  of 45 c y c l e s  were  completed on t h i s  group when i t  was deemed ~nprcdcc- 
t i v e  t o  c o n t i n u e  t e s t i n g  (F igure  36).  The TD-NiCr package a t  t h i s  time hdd accums- 
l a t e d  a  t o t a l  of 100 c y c l e s  and was s t i l l  i n  e x c e l l e n t  c o n d i t i o n  ( F j g u r e  2 7 )  It 
d i d  n o t  have t h e  s e v e r e  w r i n k l i n g  and deformat ion  of t h e  h o t  s u r f a c e  which w a s  
c h a r a c t e r i s t i c  of t h e  I n c o n e l s  and H a s t e l l o y  X a t  t h i s  t empera tu re .  The nets: fcii 
a l s o  remained f l e x i b l e  a f t e r  exposure .  On one roof  s e c t i o n  t h e r e  were twzj conprfs-  
s i o n  s c a l l o p s ,  t h e  cause  of which i s  u n c e r t a i n .  The packages w i t h  'Yfrei".-fhsatingg' 
t o p s  s u c c e s s f u l l y  e l i m i n a t e d  t h e  s e v e r e  c r e a s i n g  t h a t  had normal ly  occurrel w i t h  :5e 
p a r t i c u l a r  m e t a l  f o i l  i n  2200°F t e s t i n g .  However, package i n t e g r i t y  suffered, ' 5 e  
s l i d e - o n  l i d  p e r m i t t e d  t h e  s i d e s  of t h e  box t o  b e  deformed inward ly  at the top dur fng  
t h e  the rmal  t e s t  as much a s  318 i n c h  on a s i d e .  T h i s  was b e l i e v e d  cause15 by repres- 
s u r i z a t i o n  of t h e  vacuum chamber a f t e r  each the rmal  c y c l e .  The box type lid on tie 
o t h e r  specimen, however, d i d  n o t  e x h i b i t  a s i m i l a r  c h a r a c t e r i s t i c .  Its p.r e"se~-i was 
f r e q u e n t  f a i l u r e  of t h e  s p o t  welds  t h a t  j o i n e d  t h e  bottom of t h e  hold-do~qn tabs tz 
t h e  box. 
The double-width specimens had t h e  c h a r a c t e r i s t i c  c r e a s e s  and folds tha t  
I n c o n e l  601 had d i s p l a y e d  i n  e a r l i e r  tests of t h i s  t empera tu re .  There  appeared 
t o  be  no a g g r a v a t i o n  of t h e  problem by t h e  l a r g e r  s i z e ,  n o r  any r e l i e f ,  
The Dynaf l e x  used i n  t h e  TD-NiCr package was 3  l b / f t 3  m a t e r i a l  compressed tr 
6.8 l b / f t 3  ( i t  had been i n t e n d e d  t o  p r o v i d e  a n  8-9 l b / f t 3  i n s u l a t i o n  - as an rater- 
media te  r a n g e  between t h e  p r e v i o u s l y  t e s t e d  6 l b / f t 3  and 12 l b / f t 3 ) ,  a ~ d   hies w;s 
found t o  have compacted about  0.75 i n c h  (of t h e  20-inch l e n g t h )  a t  one e n d ,  As 1- 
p r e v i o u s  c a s e s  w i t h  Dynaf lex,  t h i s  was due t o  v i b r a t i o n / a c o u s t i c s ,  The I r i s h  
R e f r a s i l  A-100, and A s t r o q u a r t z  i n s u l a t i o n s  were n o t  a f f e c t e d .  
The e f f e c t i v e n e s s  of t h e  H a s t e l l o y  X r a d i a t i o n  b a r r i e r  i n  t h e  A s t r o q t ~ a r t z  
specimens was e v a l u a t e d  by comparison of t h e  t empera tu re  d i f f e r e n c e  between t n e  
h o t  and c o l d  thermocouples a t  t h e  t i m e  t h e  r e s p e c t i v e  h o t  thermocouples reached 
t h e i r  peak,  and a g a i n  when t h e  c o o l  thermocouples peaked o u t .  For b o t h  ssecl~ens 
(one w i t h  t h e  r a d i a t i o n  b a r r i e r ,  one w i t h o u t ) ,  t h e s e  t imes  were  f d e i n t i e a l .  Becacse 
t h e  thermocouples were i n  t h e  same r e l a t i v e  p o s i t i o n s  w i t h i n  t h e  specimers and 
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THIRD GROUP O F  2200°F MISSBON SIMULATION AFTER 45 CYCLES 
457- 1 1  456 (100 CYCLES FOR TD-NiCr) 
Figure  36 
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457-1 157 Figure 37 
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identical d i s t a n c e s  a p a r t ,  a r e a s o n a b l e  assessment  can b e  made. Data  were t a k e n  a t  
the fifth c y c l e  of t h e  f i r s t  the rmal  exposure  of each specimen. Because n e i t h e r  
specimen bad been exposed t o  a c o u s t i c  o r  v i b r a t i o n  exposure  a t  t h i s  t ime  t h e r e  was 
good assurance t h a t  t h e  thermocouples had n o t  s h i f t e d  p o s i t i o n  s i n c e  o r i g i n a l  mea- 
s u r e m e r t  by X-ray. The d a t a  from t h i s  comparison a r e :  
Hot-Side Peak 
Astroquartz w i t h o u t  S h i e l d  
Temperature D i f f e r e n c e  
Astroqualrts w i t h  S h i e l d  
M o t  T/C 
Co31 T I C  
Temperature D i f f e r e n c e  
Cool-Side Peak 
The A s t r o q u a r t z  w i t h  t h e  r a d i a t i o n  s h i e l d  showed a n  average  of 62°F g r e a t e r  
temperature d r o p  a t  t h e s e  two t imes ,  demons t ra t ing  t h a t  t h e  r a d i a t i o n  s h i e l d  was 
effective, However, i t  i s  q u e s t i o n a b l e  whether  t h e  w e i g h t  p e n a l t y  j u s t i f i e s  t h e  
difference, A s i n g l e  s h e e t  of H a s t e l l o y  X ,  2 m i l  t h i c k ,  is e s s e n t i a l l y  e q u i v a l e n t  
in sileiglrt t o  an a d d i t i o n a l  t h i c k n e s s  of 1 .0  i n c h  of A s t r o q u a r t z .  
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5.0 RIGIDIZING OF FELTED INSULATION? 
An e x p l o r a t o r y  development was conducted on t h e  r i g i d i z i n g  of p r e f e l t e d  f i b - ro~ l r ;  
i n s u l a t i o n s  as an  a l t e r n a t i v e  approach t o  r i g i d  b locks .  The development of  b l o c k  
i n s u l a t i o n  by wet mixing l o o s e  f i b e r s  and b i n d e r s  (such a9 t h e  HCF p~cocess )  was 
covered by a  s e p a r a t e  c o n t r a c t  (NAS 9-11221), and d u p l i c a t i o n  of t h a t  effort w a s  
i n t e n t i o n a l l y  avoided.  
The p r o c e s s  s t u d i e d  h e r e  was t o  impregnate  a  f e l t e d  i n s u l a t i o n  with a refrqc- 
t o r y  b i n d e r ,  and d r y  t o  a r i g i d  block.  For  convenience,  t h e  f e l t  used was Dynatlcx, 
p a r t l y  because  of t h e  h i g h  t empera tu re  c a p a b i l i t i e s  of i t s  f i b e r s ,  and a l so  be! :itice 
i t  was a v a i l a b l e  i n  a wide r a n g e  of d e n s i t i e s .  
The f o l l o w i n g  b i n d e r  sys tems were  s t u d i e d :  
Ludox - C o l l o i d a l  s i l i c a  s o l  
Syton - C o l l o i d a l  s i l i c a  s o l  
E t h y l  s i l i c a t e  P-40 
E t h y l  s i l i c a t e  P-20 ( a l c o h o l  s t a b i l i z e d )  
P o s i t i v e  S o l  - c o l l o i d a l  s i l i c a ,  A1 0  s t a b i l i z e d  2 3 
Alon - c o l l o i d a l  A1203 
Aluminum phosphate  
L i th ium p o l y s i l i c a t e  
I n  o r d e r  f o r  t h e  b i n d e r s  t o  wet t h e  f e l t  i t  was n e c e s s a r y  t o  add a  small. amount oE 
w e t t i n g  a g e n t  t o  t h e  b i n d e r .  T r i t o n  X-100 was used f o r  t h i s  purpose .  T h e  w e t t i n ?  
agen t  was n e c e s s a r y  whether  o r  n o t  t h e  o r i g i n a l  b i n d e r  i n  t h e  Dynaflex had been 
burned o u t .  
3 F e l t s  of 3 l b / f t  d e n s i t y ,  a f t e r  soak ing  i n  b i n d e r  c o l l a p s e d  on removal. Blocks 
3 formed from f e l t s  of 8 - 1 2  l b / f t  d e n s i t y ,  al lowed t o  g r a v i t y  d r a i n  and aven r i t - i e d ,  
were more s u b s t a n t i a l .  However, d i f f i c u l t y  was encountered i n  s e c u r i n g  ~ ~ n i f o r : n  
b l o c k s  ; b i n d e r  g r a d i e n t s  and nonwet t e d  a r e a s  were  p e r s i s t e n t  problems. 
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V'acuum-assisted d r a i n a g e  of b i n d e r  (from bottom s i d e )  was u n s u c c e s s f u l  w i t h  
3 low d e n s i r y  f e l t s  ( 3  l b / f t  ) a s  t h e  p r e s s u r e  g r a d i e n t  c o l l a p s e d  t h e  f e l t ,  F e l t s  
3 
of 8 i t / i t3  were s l i g h t l y  compressed, and 1 2  l b / f t  was d imens iona l ly  s t a b l e .  
3 The latter could b e  d r i e d  t o  p r o v i d e  f i n a l  d e n s i t i e s  of 15 2 2  1 'S/f t  . However, 
u n i f c r ~ l t y  cf impregnat ion was poor ,  r e s u l t i n g  i n  h i g h l y  v a r i a b l e  p r o p e r t i e s  through 
the tbdckness  of t h e  f e l t .  
A l l  of  t h e  s i l i c a  b i n d e r s  produced f a i r l y  s t r o n g  f e l t s .  The Ludox, Sy ton  and 
P a s i t z v e  S o l  were  easy  t o  p r o c e s s  and could  be  r e c y c l e d .  The e t h y l  s i l i c a t e  
requsze? m o r e  complicated p r o c e s s i n g  and was n o t  r e u s e a b l e .  P o s i t i v e  S o l  provided 
gocd stre~gth and powdered l e s s  t h a n  t h e  o t h e r  b i n d e r s  when d r i e d .  The c o l l o i d a l  
a ~ ~ x i ~ ~ a  (Alon) provided no s i g n i f i c a n t  s t r e n g t h ,  and b l o c k s  impregnated w i t h  Alon 
xere very  s o f t  and f r i a b l e .  Both aluminum phosphate  and l i t h i u m  p o l y s i l i c a t e  
attacke? the f i b e r s  chemica l ly .  
v &c 15e e x t e n t  t h a t  t h e  p r o c e s s  was s t u d i e d  h e r e ,  t h i s  approach t o  make r i g i d  
b l a c k s  from p r e f e l t e d  b l a n k e t s  o r  matts, does  n o t  appear  promising,  and a t  t h i s  
g o l n t  -!: development,  i s  s e v e r a l  y e a r s  behind t h e  development of HCF. Because of 
the mcre advanced s t a t e  of development of HCF, t h e  approach d e s c r i b e d  h e r e i n  t o  
aake rigid blocks  was suspended. The development of HCF, however, i s  c o n t i n u i n g  
~~-.ber sezera te  c o n t r a c t s .  
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6.0 FOLLOW-ON PROGRAM 
The b a s i c  program h a s  been extended f o r  a n  a d d i t i o n a l  12 months s t ~ c 1 5 .  F r t n -  
c i p a l  s u b j e c t s  t o  b e  i n v e s t i g a t e d  are: 
Vent requ i rements  f o r  packaged i n s u l a t i o n s ;  
Mois tu re  accumulat ion and means of p r e v e n t i n g  i t  i n  packaged insulal::cns; 
E v a l u a t i o n  of i n s u l a t i o n s  f o r  1000°F peak t empera tu res ;  
T e s t i n g  of l a r g e  f l i g h t  c o n f i g u r a t i o n  specimens;  
Limited development on HCF b l o c k  i n s u l a t i o n s  a s  a n  i n t e r n a l  insulatran, 
I n  a d d i t t o n ,  f u r t h e r  p r e l i m i n a r y  e v a l u a t i o n  tests (such as t h o s e  d e s c r i b e d  i n  this 
r e p o r t )  w i l l  be  conducted a t  2200°F and 2500°F. 
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7.0 CONCLUSIONS 
Based on t h e  tests conducted t o  d a t e ,  t h e  fo l lowing  o b s e r v a t i o n s  can be  aade 
as t o  t h e  u t i l i t y  of t h e s e  m a t e r i a l s  i n  S h u t t l e  s e r v i c e .  
7 . 1  Metal  F o i l  Packag ing  
For  s e r v i c e  t o  1800°F, t h e  Pnconel 702, I n c o n e l  601, o r  H a s t e l l o y  X ma77 be 
used ,  w i t h  a s l i g h t  p r e f e r e n c e  f o r  I n c o n e l  702. The 2  m i l  f o i l  appears  adea&uate 
and i s  d e s i r a b l e  from a weigh t  s t a n d p o i n t .  Small  c r a c k s  and puckers  a t  edges  of 
t h e  h o t  s i d e  o c c u r r e d  f o r  a l l  a l l o y s ;  however, t h e r e  was no compromise of struetu- 
r a l  i n t e g r i t y  and o n l y  w a t e r p r o o f i n g  was a f f e c t e d .  
For s e r v i c e  t o  2200°F, TD-Ni-Cr i s  t h e  o n l y  m e t a l  o f  t h o s e  t e s t e d  which pro -  
v ided  adequa te  s e r v i c e  beyond 1 8  r e u s e s .  A l l  t h e  o t h e r  s u p e r a l l o y s  t e s t e d  exlhibi- 
t e d  e x c e s s i v e  w r i n k l i n g  and o x i d a t i o n  embr i t t l ement .  
7.2 I n s u l a t i o n s  
A s t r o q u a r t z  - Capable of 2200°F s e r v i c e .  Very l i g h t w e i g h t ,  may r e q u i r e  exces -  
s i v e  t h i c k n e s s .  Data n o t  a v a i l a b l e  on c o n d u c t i v i t y  a t  h i g h  t empera tu res  a t  I 
l b / f t 3 .  
Microquar tz  - At 1800°F a  small amount o f  s h r i n k a g e  occur red  which 1 s  probab ly  
t o l e r a b l e .  At 2200°F, t h e  s h r i n k a g e l s e t t l i n g  i n c r e a s e d  t o  what may be  a critical 
amount. 
Dynaflex - Disappoin t ing  performance,  as i t  was expec ted  t o  be a prime eacdi- 
3 d a t a  due t o  i t s  tempera tu re  c a p a b i l i t i e s .  U n s a t i s f a c t o r y  a t  3 l b / f t  due co exces-  
3 3 
s i v e  s e t t l i n g ;  6  l b / f t  i s  b o r d e r l i n e ;  1 2  l b / f t  , s a t i s f a c t o r y .  L a t t e r  ccru13 pos-  
s i b l y  b e  used a t  2500°F w i t h  o n l y  a s l i g h t  we igh t  p e n a l t y .  
Dynaquartz - Unable t o  w i t h s t a n d  mechanical  l o a d s  w i t h o u t  c r a c k i n g ,  
R e f r a s i l  A-100 - S a t i s f a c t o r y  f o r  u s e  t o  2200°F. However, d i f f i c u l t  t o  acbfeve 
nominal d e n s i t y  i n  p r a c t i c a l  use .  Could l e a d  t o  problems i n  e s t i m a t i n g  te1 t3L  weight 
I r i s h  R e f r a s i l  A-100, I r i s h  R e f r a s i l  B-1576 - S a t i s f a c t o r y  f o r  use te S200n5', 
May become p r i n c i p a l  c a n d i d a t e s  f o r  low d e n s i t y  2500°F s e r v i c e .  
F l e x i b l e  Min-K - S a t i s f a c t o r y  f o r  u s e  t o  2200°F. Low c o n d u c t i v i t y ,  exce l l . en t  
f o r  volume-limited a p p l i c a t i o n s .  
Coated HCF - F a i l u r e  of c o a t e d  HCF specimens was due t o  h i g h  the rmal  gradients 
through t h e  t h i c k n e s s .  Thermal stresses i n  t h e  c o a t i n g  on t h e  specimen s i d e s  were 
a n a l y t i c a l l y  determined t o  b e  on t h e  o r d e r  o f  f o u r  t imes  a l l o w a b l e  strength, Coat-  
i n g  f a i l u r e  appeared t o  induce  c r a c k s  i n  t h e  HCF which r e s u l t e d  i n  conl2keta f a i l u r e  
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o; t h e  specimens.  The e x i s t i n g  c o a t i n g  (M25A7) h a s  an  a l l o w a b l e  t e n s i l e  s t r a i n  of 
approxisnately 1 4 4  u i n / i n .  A major o b j e c t i v s  of c u r r e n t  HCF programs i s  t o  reduce 
the anodt~.%us and i n c r e a s e  t h e  a l l o w a b l e  s t r a i n  o f  t h e  c o a t i n g .  
Jse of RCF as an  i n t e r n a l  i n s u l a t i o n  would most l o g i c a l l y  be  i n  a r e a s  s e e i n g  
peak ternFeratures  o f  2200-2500°F, where i t s  c o n d u c t i v i t y  i s  c o m p e t i t i v e  t o  s o f t  
felts, and where i t s  i n t e g r a l  wa te rproof  c o a t i n g  (when s u c c e s s f u l l y  modi f i ed)  may 
b e  morz advantageous t h a n  t h e  p r o j e c t e d  coa ted  columbium packaging f o r  s o f t  f e l t s .  
7.3 R i g i d i z i n g  o f  F e l t e d  I n s u l a t i o n s  - Eiigidiz ing o f  p r e f e l t e d  i n s u l a t i o n  by 
i inpregnation with a ceramic b i n d e r  is  n o t  a  s a t i s f a c t o r y  p r o c e s s  at  p r e s e n t .  Non- 
u n i f o m x t y  o f  w e t t i n g  and d i s t r i b u t i o n  of b i n d e r  i n  t h e  f i n a l  d r i e d  p roduc t  a r e  t h e  
princioal problems. The s l u r r y  method o f  forming b l o c k s  (such as HCF) is  a t  a  more 
advanced s t a t e  of development and is  p r e f e r r e d .  
7 , L  T e s t  P rocedures  - The test p rocedures  employed i n  t h i s  program a r e  
e f f e c t i v e ,  economical  means of e v a l u a t i n g  i n s u l a t i o n s  f o r  S h u t t l e  s e r v i c e .  
Areas of p o s s i b l e  improvement a r e :  thermocouple measuring j u n c t i o n s  which a r e  
l e s s  s u s c e p t i b l e  t o  f a i l u r e ,  and means t o  measure more a c c u r a t e l y  t h e  p o s i t i o n  of 
the thermocouples w i t h i n  t h e  i n s u l a t i o n ,  a s  w e l l  a s  t o  p reven t  t h e i r  movement, 
F u t u r e  work w i l l  u s e  shea thed  thermocouples w i t h  measuring j u n c t i o n s  enc losed  
wsthin the  s h e a t h .  
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Ent ry  Thermal Environment f o r  
S h u t t l e  TPS High Temperature I n s u l a t i o n s  
S~i i l -dr  
--..--"-.Lx 
L n  y r-keraal  environments f o r  e i g h t  S h u t t l e  O r b i t e r  e n t r i e s  have been ana lyzed ,  
3x1 s h : : i f i ? d  temperature- t ime h i s t o r i e s  d e r i v e d  f o r  t h e  purpose  of environmental  
t c s ~ i c ;  of F i g h  t empera tu re  i n s u l a t i o n s .  The procedure  used t o  o b t a i n  t h i s  d a t a  i s  
co z "_- 3-,l h e r e i n ,  
3 <' 
- , ~ ~ ) l - - n a l  Znvironment 
-1:s y s i s  of e n t r y  t r a j e c t o r i e s  i n v e s t i g a t e d  i n  p rev ious  S h u t t l e  s t u d i e s ,  and i n  
oi - c-r:art Phase  B s t u d y ,  r e v e a l s  t h a t  many d i f f e r e n t  t y p e s  of h e a t  p u l s e s  are pos- 
~ X I J - e  w - ~ k  approximately  t h e  same peak r a d i a t i o n  e q u i l i b r i u m  tempera tu re .  Not on ly  
dc ~ s c , . : L i o n s  i n  v e h i c l e  f l i g h t  pa ramete rs  and cross-range maneuver c a p a b i l i t i e s  
-2-p _ , e ; t  mlse shape,  b u t  a l s o  v e h i c l e  a n g l e  of a t t a c k ,  f low f i e l d  d ivergence ,  
VC~-C:F r t a t i o n ,  and boundary l a y e r  t u r b u l e n c e .  F i g u r e  A-1 summarizes t h e  e n t r y  
tr aj eet :ries c u r r e n t l y  p robab le  f o r  S h u t t l e  O r b i t e r s .  T r a j e c t o r y  c r o s s  range  is  
tne 2 s a  -ant  c h a r a c t e r i s t i c  which d i s t i n g u i s h e s  t h e  t r a j e c t o r i e s  and i s  r e l a t e d  
di a c r l .  t o  d u r a t i o n  of e n t r y .  The h i g h e r  c r o s s  range  miss ions  a r e  more s e v e r e  on 
4 - h  2 ITS r : - ~ ; t i - ~ n  due t o  h i g h e r  t o t a l  h e a t  and l o n g e r  t ime  a t  t empera tu re .  Also 
_ %  Figlure A-1 a r e  aerodynamic h e a t i n g  paramete rs  and h e a t  p u l s e  c h a r a c t e r -  
2.s r z ~ c s  -r7'aich a r e  d i s c u s s e d  i n  succeed ing  paragraphs .  Because t r a j e c t o r y  e v o l u t i o n  
cc :hue throughout  t h e  v a r i o u s  phases  of S h u t t l e  development, i t  appears  
ex..cn,n-e _:7 p r a c t i c a l  t o  deduce a  s i m p l i f i e d  temperature- t ime curve  which i s  n o t  
a A - q ~ l e  -(; a  s p e c i f i c  e n t r y  t r a j e c t o r y ,  b u t  encompasses t h e  s e v e r e  e lements  of 
an :~as::iaabLie t r a j e c t o r y .  The d e g r e e  of s i m p l i f i c a t i o n  shou ld  b e  minimal s o  as t o  
:" 2 -  , aurh correspondence a s  p o s s i b l e  w i t h  a c t u a l  Thermal P r o t e c t i o n  System 
:e,- 3 1 " 2 , 1 ~ 3 r ~ .  With t h i s  a s  an  o b j e c t i v e ,  r e p r e s e n t a t i v e  temperature- t ime curves  
a;-= exa 7,ned f o r  shape ,  t ime a t  maximum tempera tu re ,  and t o t a l  h e a t .  
3 ,  dea; Pulse C h a r a c t e r i s t i c s  
T1le ':kree e n t r y  t r a j e c t o r i e s  s e l e c t e d  from our  c u r r e n t  Phase B s t u d y  produce 
EL n e q u i l i b r i u m  tempera tu res  which i l l u s t r a t e  t h e  v a r i o u s  shapes  of temperature-  
tine c:-ves, These temperature- t ime h i s t o r i e s  ( F i g u r e s  A-2, - 3 ,  and -4) were  
.ie ar- L,.ed i n  such  a  way t h a t  a l l  l o c a l  aerodynamic h e a t i n g  i s  r e j e c t e d  a t  each 
r n s c a y t  d u r i n g  e n t r y  from t h e  v e h i c l e  o u t e r  mold l i n e  by thermal  r a d i a t i o n .  A l l  
- e - - ~ ~ -  ,, s * ~ ~ r e s  were  o b t a i n e d  c o n s i d e r i n g  0.8 s u r f a c e  e m i t t a n c e  and r a d i a t i n g  t o  a  
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o &A-DLATION EQUILI=IUM 
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o U1GL.E OF ATTACK (14' TO 20') 
o XEATING FACTOR (1.1 ) 
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o LOW ALTITUDE DISPERSED 
SKUTnE TRAJECTORY 
o PADIATION EQUILIBRIUM 
(0-8 EMISSIVITY) 
Figure 8-4 
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c o l d  s i n k .  T r a j e c t o r y  " t a i l o r i n g  o r  shapingtg  was employed t o  r e s t r i c t  vehiczle 5 2 ~ -  
? I  f a c e  t empera tu res  below a d e s i g n  t e n p e r a t u r e  af  2000°F and 2400QF,  Tins "ri 1 or-Lng-" 
i s  accomplished by banking t h e  v e h i c l e ' s  l i f t  v e c t o r .  A l l  of these t e ~ z p e r a r u r ~ - t I ? ; ~ e  
curves  c o n s i s t  of an  i n i t i a l  heat-up fol lowed by an i ~ t e r v a l  of modula~i~g n e a t l a g  
p r i o r  t o  h e a t i n g  drop-off d u r i n g  l a t t e r  s t a g e s  of  e n t r y ,  The d e g r e e  of k.eacing xos- 
u l a t i o n  d i s t i n g u i s h e s  t h e  the rmal  h i s t o r i e s .  As can b e  s e e n  from Figures 5-2, - 3 ,  
and -4, t h e s e  h i s t o r i e s  f a l l  i n t o  t h r e e  c a t e g o r i e s :  
( a )  S u r f a c e  t empera tu re  which peaks e a r l y  d u r i n g  e n t r y .  
(b) S u r f a c e  t e m p e r a t u p  w i t h  two peaks - ear ly  and l a t e .  
( c )  S u r f a c e  t empera tu re  which peaks l a t c  in f l i g h t .  
The double  peak h a s  t h e  g r e a t e s t  t h e  a t  e l e v a t e d  t empera tu re  and cor res~sn .3 i11g~y ,  
t h e  g r e a t e s t  t o t a l  h e a t  f o r  t h e  same maximu tempera tu re .  
4. Method f o r  S i m p l i f y i n g  Heat P u l s e  
The "heat-up" £or t h e s e  t h r e e  t r a j e c t o r i e s  nominal ly  t a k e s  300 t o  350 seconds, 
I n  o r d e r  t o  e v a l u a t e  m a t e r i a l s  f o r  the rmal  shock,  t h e  s h o r t e r  '%heat-up" time was 
s e l e c t e d ,  T h i s  may b e  a l i t t l e  more s e v e r e  the rmal  shock t h a n  may b e  f low?;  prow eve^, 
t h e  h i g h  cross-range t r a j e c t o r y  ( F i g u r e  A-l, column 1) h a s  a 270 second heat-u?, 
F i r s t ,  t h e  h i g h  c ross - range  e n t r y  ( F i g u r e  A-1, column 6) was ana lyzed  F o r  a :harac-- 
t e r i s t i c  2000°F the rmal  h i s t o r y .  The " t i m e  a f t e r  heat-up" was t a b u l a t e d  f r o s  
F i g u r e  A-2 f o r  t h e  f o u r  v e h i c l e  s t a t i o n s  (X/L = 0.1 ,  0.25,  0.5,  and 0 ,75> .  The t ixes 
a t ,  o r  above, a t empera tu re  were averaged f o r  t h e  f o u r  (X/L) s t a t i o n s  t o  der%ve the 
s i m p l i f i e d  temperature- t ime curve  ( F i g u r e  A-51,  The h e a t i n g  r a t e  corresponding t o  
3 
t h i s  s i m p l i f i e d  t empera tu re  t i m e  i n t e g r a t e d  over  t h e  e n t r y  i s  17000 B t u j f t - ,  which 
compares f a v o r a b l y  w i t h  t h e  average  of 16000 ~ t u / f t ~  f o r  F i g u r e  A-3. A l s c  sha%n; in 
F i g u r e  A-5 i s  t h e  envelope of most s e v e r e  t i m e  a t  t empera tu re  (which woula b e  a t  
most an  a d d i t i o n a l  100 seconds) .  
The g e n e r a l  a p t n e s s  of F i g u r e  8-5 was t e s t e d  by a comparison w i t h  the 51'gh 
c ross - range  drawbridge e n t r y .  T h i s  i s  accomplished by working a t  a 22@0°P maxirun 
s u r f a c e  t empera tu re  by a d j u s t i n g  aerodynamic h e a t i n g  f a c t o r s  f o r  t h e  Erawbzidge  
O r b i t e r .  I n  a d d i t i o n ,  a n  a l l - l a m i n a r  h e a t i n g  c o n d i t i o n  was imposed cE t5r  X/L = 
0,75  v e h i c l e  s t a t i o n  which produced a c a t e g o r y  ( a )  shape  h e a t  p u l s e  n e c e s s a r y  for 
t h e  comparison.  The modif ied temperature- t ime curves  f o r  t h e  v%rawbrEdge" Orb i t e r  
a r e  shown. i n  F l g u r e  A-6, and t h e  cor responding  t imes a t  t empera rure  are slrowm fn 
F i g u r e  A-7, The d a t a  p o i n t s  i n  F i g u r e  A-7 s u g g e s t  t h a t  t h e  v a r i a t i o n  ir, time-at- 
t empera tu re  d imin i shes  a t  lower t e m p e r a t u r e s .  The "averagers s i m p l i f i e d  ti-erxak 
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o LOW ALTITUDE DISPERSED 
SHUTTLE TRAJECTORY 
o RADIATION E Q U I L I B R X W  
( .8 EMISSIVITY ),
ANGLE OF ATPACK = 18' 
o HEATING FACTOR FOR 22009 
PEAK SURFACE TUX63 
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o LOW iiLTI'T.UDE DISPERSED ENTRY 
TIMI FROM 400,000 FT (SEC ) 
T i W T U R E  HISTORY (S~~PLIFIED) FOR BOTTOM OF HIGH CROSS RANGE 
DRAWrjRIDGE ORBITER 
Figure A-7 
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h i s t o r i e s  f o r  t h e  Mark 1 and Drawbridge a s  shown i n  F i g u r e  A-8 a r e  i n  close prox imi ty  
t o  one a n o t h e r .  The h e a t i n g  f a c t o r  f o r  Mark I was i n c r e a s e d  t o  o b t a i n  2203°F nzces- 
s a r y  f o r  t h e  comparison. The c l o s e  p rox imi ty  of t h e s e  two c u r v e s  f u r t h e r  suggests 
t h a t  a d j u s t i n g  t h e  h e a t i n g  f a c t o r  can d e s c r i b e  the rmal  c o n d i t i o n s  f o r  similar entries. 
This  i s  most l i k e l y  r e s t r i c t e d  t o  e n t r i e s  of approx imate ly  t h e  same durar:cn, 
An i n t e r e s t i n g  p o i n t ,  seen i n  F i g u r e  A-l, is  a s p r e a d  in t o t a l  h e a t  from 53LO 
t o  44,400 ~ t u l f t '  f o r  t h e  e n t r i e s  i n v e s t i g a t e d .  T h i s  f a c t o r  of (84-1 in -.z r a i  hezt 
cor responding ly  imposes a  l a r g e  v a r i a t i o n .  i n  veh-icle i n s u l a t i o n  weight  reqcirerr,snts, 
Also t a b u l a t e d  i n  F i g u r e  A-l are t h e  t i m e  a t  maximum tempera tu re ,  which shows that 
h i g h  cross-range v e h i c l e s  used t o  o b t a i n  t h e  composite h e a t  p u l s e  have more tine at 
t empera tu re  d u r i n g  e n t r y .  
The n e t  r e s u l t  from t h i s  comparison i s  a "composite temperature- t ime l - ~ L s t o r y ~ "  
which i s  s u i t a b l e  f o r  t e s t i n g  and g e n e r a l  a n a l y s i s .  F i g u r e  A-9 i s  t h e  culmination 
of t h i s  h e a t i n g  p u l s e  modeling and employs t h e  composite c u r v e  w i t h  a p p r o ~ ~ r f a t e  
d e s i g n  h e a t i n g  f a c t o r s  t o  a c h i e v e  peak t empera tu re  of 2500°F, 2200°F, and 1800°F 
which a r e  s u i t a b l e  f o r  e v a l u a t i n g  performance of h i g h  t empera tu re  i n s u l a t i c n s ,  
F i g u r e  A-10 shows an expanded graph of t h e  i n i t i a l  300 seconds  of h e a t i n g ,  These 
curves  have t h e  a c t u a l  e n t r y  d u r a t i o n s  and s i m u l a t e  t h e  t i m e  a t  t empera tu re  along 
t h e  lower s u r f a c e s  of two O r b i t e r s  d u r i n g  e n t r y .  As a d d i t i o n a l  S h u t t l e  e n t r f e s  are  
evolved,  i t  would b e  advantageous  t o  compare t h e  t i m e  a t  t empera tu re  w i t h  che  com- 
p o s i t e  curves .  I f  s i g n i f i c a n t  changes a r e  e v i d e n t ,  t h e  composite c u r v e s  skoal6 be 
updated.  
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Density-Conductiviey Tradeoff  Study 
11: a s t e a d y - s t a t e  h e a t  f low c a s e ,  minimum weigh t  o c c u r s  a t  minimum k p .  For 
most i n s u l a t i o n s  t h a t  are a v a i l a b l e  Pn a range  of d e n s i t i e s ,  w h i l e  t h e  conduct iv-  
F t y  d e c r e a s e s  with i n c r e a s e  i n  d e n s i t y  ( i n  t h e  t empera tu re  range  of i n t e r e s t ) ,  t h e  
minimum kp o c c u r s  a t  minimum a v a i l a b l e  d e n s i t i e s  u s i n g  a tmospher ic  p r e s s u r e  d a t a ,  
I t  has been shown,however, (Reference 4)  t h a t  when de te rmin ing  kp a s  a  f u n c t i o n  of 
ambient a i r  p r e s s u r e ,  t h e  c u r v e s  approach each o t h e r  i n  v a l u e ,  and i n  some c a s e s ,  
cross,  This would i n d i c a t e  t h a t  h i g h e r  d e n s i t i e s  might  have more f a v o r a b l e  k p  
values under vacuum c o n d i t i o n s  t h a n  low d e n s i t y  m a t e r i a l s .  Th i s  could a l s o  be 
advantageous i n  t h a t  h i g h e r  d e n s i t y  p r o d u c t s  u s u a l l y  have more d e s i r a b l e  p h y s i c a l  
p r o p e r  t i e s ,  
Because of t h e  g e n e r a l  l a c k  of the rmal  c o n d u c t i v i t y  d a t a  as a  f u n c t i o n  of 
ambient p r e s s u r e  f o r  most p r o d u c t s  of i n t e r e s t ,  we have developed a  t e c h n i q u e  f o r  
c a l c u l a t i n g  such  d a t a ,  I n  comparing c a l c u l a t e d  r e s u l t s  w i t h  t h e  l i m i t e d  experi- 
mental da ta  a v a i l a b l e ,  agreement i s  e x c e l l e n t .  T h i s  h a s  a l s o  provided a valuab1.e 
t o o l  t o  c a l c u l a t e  t h e  n e t  h e a t  t r a n s f e r  i n  S h u t t l e  v e h i c l e  i n s u l a t i o n s  w i t h  rmch 
g r e a t e r  accuracy  t h a n  p r e v i o u s l y ,  i n  t h a t  we can  now i n c l u d e  c o n d u c t i v i t y  a s  a 
function of  a l t i t u d e  ( p r e s s u r e )  a s  w e l l  a s  of t empera tu re .  It was t h e  purpose  of 
t h i s  c a l c u l a t i o n  t o  p r o v i d e  b e t t e r  guidance i n  t h e  s e l e c t i o n  o f  i n s u l a t i o n s  f o r  
test purposes ,  and t o  de te rmine  whether  emphasis shou ld  b e  p l a c e d  on low d e n s i t y  
o r  h igh  d e n s i t y  i n s u l a t i o n s .  
i n  modeling t h e  S h u t t l e  h e a t  t r a n s f e r ,  a l o n g  cross-range d e l t a  O r b i t e r  t r a -  
jectory was assumed, w i t h  a  t empera tu re  peak of 2200°F. For  c a l c u l a t i o n  purposes ,  
Dgrna5l.e~ f e l t  was assumed t o  b e  t h e  i n s u l a t i o n ,  w i t h  d e n s i t i e s  of 3 ,  6 ,  and 12 l b s l  
3 ft . The l i m i t i n g  f a c t o r  was t h e  r e s u l t a n t  t empera tu re  of t h e  c ryogen ic  p r o p e l l a n t  
tank, and the d a t a  a r e  p l o t t e d  as weigh t  of i n s u l a t i o n  p e r  u n i t  a r e a  f o r  v a r i o u s  
tank tempera tu res .  
It is  apparen t  from F i g u r e  B-1 t h a t  low d e n s i t y  i n s u l a t i o n s  w i l l  p r o v i d e  t h e  
lowest w e i g h t  i n s u l a t i o n ,  though t h e  d e n s i t y  e f f e c t  is  n o t  g r e a t .  
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Appendix C 
Oxidation Resistance of Metal Foils 
C- 1 
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Oxidation Res is tance  of Meta, F o i l s  
h r d d i d a t e  metal  f o i l s  were examined f o r  ox ida t ion  r e s i s t a n c e  under t h e  reduced 
1):~s-11-e they would experience i n  S h u t t l e  r e e n t r i e s .  The eva lua t ion  was performed 
5. r 7 - c  ing specimens 1.5 inches wide by 4 inches long i n  an Astro I n d u s t r i e s  
i r r e l  t3-288 furnace a t  5 Torr a i r  p ressure .  Var iab le  temperature a s  a func t ion  of 
*ras obtained by pos i t i on ing  of t h e  specimens wi th in  t h e  furnace  and was pro- 
d l e d  by a programmed c o n t r o l l e r .  The thermal p r o f i l e  used was t h a t  of t h e  s h o r t  
e r  - l ss range  O r b i t e r  w i th  a peak temperature of 2200°F. A t  t h e  t ime of t h i s  t e s t ,  
+he L L ~ h -  short cross  range Orb i t e r  w a s  t h e  v e h i c l e  of primary i n t e r e s t .  
A t  the conclusion of 10, 25, 50, and 100 cyc les ,  t he  specimens were removed 
and examined as follows: 
(a) Photographs made of each specimen; 
D Each specimen weighed t o  +0.1 mg; 
- 
(c) Each specimen was bent  180" around a 1 .0  inch  diameter mandrel t o  
eva lua t e  d u c t i l i t y  and no te  cracking o r  f l a k i n g  of surSace oxide f l lm;  
(6) a 214 x 112 inch  specimen was cu t  from each specimen f o r  meta l lographic  
examination. 
<e) Specimens reweighed. 
The a l l o y s  examined were: 
Inconel  SO1 - 4 m i l  
Tnc3nel 702 - 5 m i l  
HasceBloy X - 2 m i l  
TD-NICE. - 11 m i l  
Data Esoin t h e s e  examinations a r e  presented i n  Table C-1. 
E a c n  of t he  specimens experienced weight ga ins  a s  s u r f a c e  oxide f i l m s  formed 
during t n e  r e e n t r y  cycl ing.  The TD-NiCr exh ib i t ed  t h e  lowest  t o t a l  weight ga in  
and the t h innes t  oxide f i l m  bui ldup of t h e  fou r  a l l o y s .  S u b s t r a t e  th ickness  
remained nea r ly  cons tan t  through 100 cyc le s  on t h e  TD-NiCr and Has te l loy  X, bu t  
receded ln excess  of 1 m i l  on t h e  Inconel  702 specimens. The l a t t e r  a l s o  had the  
rh-ckest oxide f i l m  bui ldup.  I n t e r n a l  ox ida t ion  was p re sen t  i n  a l l  t he  specimens 
exce?t Tnconel 702, and was most s eve re  i n  t he  Inconel  601. 
Pho:omicrographs of t h e s e  specimens a r e  shown i n  F igures  C-1,  -2, -3,  and -4. 
A l l  of  t he se  supe ra l loys ,  wi th  t h e  except ion of t he  TD-NiCr, d i sp layed  va r ious  
a n s m t s  of c u r l i n g  dur ing  t h e  100 cyc les .  However, as long a s  they remained 
MCaOWNELL DOUGLAS ASTRONAUT16S 6C)NIPAIIIY =EAST 
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d u c t i l e  they were r e a d i l y  s t r a igh tened  and continued i n  t e s t .  I n  retxcsspeci;, tleis 
may have been a  key t o  t h e i r  l a t e r  u n s a t i s f a c t o r y  performance a s  packaging meteriais  
f o r  2200°F se rv i ce .  The cause of t h e  c u r l i n g  i n  t h e  a s t r o  furnace t e s t s  ca - IE~  :lave 
been due to :  g r a i n  growth, r e s i d u a l  s t r e s s e s ,  p r e f e r e n t i a l  ox ida t ion  on one sids, 
a l l o y  dep le t ion ,  i n c i p i e n t  melt ing,  o r  even thermal s t r e s s e s .  
The c u r l i n g  of t h e  f l a t  specimens was not  r e s t r a i n e d  by specimen configuration, 
However, when shaped i n t o  packages l a t e r ,  t h e  r e s t r a i n t  imposed by the speci~ec 
geometry might have caused t h e  cons iderable  deformation t h a t  occurred in the packages 
i n  t h e  2200°F eva lua t ion  t e s t s .  
Photographs of t h e  furnace  coupon specimens a t  t h e  four  s t a g e s  a t  which they 
were examined a r e  shown i n  Figures  C-5, -6, -7, and -8. It is i n t e r e s t i n g  tc note 
t h a t  c u r l i n g  was f i r s t  noted i n  t h e  fol lowing sequence: 
Has te l loy  X a f t e r  10 cyc le s  
Inconel  601 a f t e r  25 cyc les  
Inconel  702 a f t e r  50 cyc le s  
TD-NiCr No cu r l ing  occurred 
The notches i n  t h e  specimens shown i n  Figures  C-5, -6, -7, and -8 were sections 
removed f o r  metal lographic examination. 
C-3 
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APPENDIX D 
TRADE NAMES 
The trade names for many of the products referred to in this reporL are 
identified below with their respective owners. 
Dynaf lex Triton 
Dynaquartz Rohm and Haas 
Microquartz Philadelphia, Pa. 
Min-K 
Thermof lex 
Johns-Manville Corp. 
New York, N.Y. 
Astroquartz 
J. P. Stevens 
New York, N.Y. 
Ref rasil 
Irish Refrasil 
HITCO 
Gardena, California 
Fiberf rax 
Carborumdum Co. 
Niagra Falls, N.Y. 
Inconel 
International Nickel Co 
New York, N.Y. 
Syton 
Has telloy 
Union Carbide 
New York, N.Y. 
Ludox 
Positive Sol 
E. I. duPont de Namours 
Wilmington, Del. 
Alon 
Cabot Corp . 
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